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FOREWORD 

This interim technical data report is submitted to the NASA Langley 
Research Center by the AiResearch Manufacturing Company, Los Angeles, 
California. The document was prepared in accordance with the guidelines 
established by Paragraph 6 . 3 . 3 . 2  of NASA Statement of Work 1-4947-B. 

Interim technical data reports are generated on a quarterly basis for 
major program tasks under the Hypersonic Research Engine (HRE) project. 
completion of a given task effort, a final technical data report will be 
s u bm i t t ed. 

Upon 

This document presents a detailed technical discussion of the control 
system development for the period of 3 January through 2 April 1968. 
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I .O SUMMARY 

The Hypersonic Ramjet Engine (HRE) c o n t r o l  system development has reached 
an advanced stage o f  breadboard hardware c o n s t r u c t i o n .  Most o f  t h e  e x i s t i n g  
c i r c u i t r y  has been f u n c t i o n a l l y  t e s t e d  and some of t h e  c i r c u i t s  have been 
t e s t e d  over  a wide range o f  temperatures. Test data, photographs, c i r c u i t  
diagrams, and d e s c r i p t i v e  m a t e r i a l  a r e  inc luded i n  Sec t ion  6.0. 

Conceptual s t u d i e s  o f  f a i l u r e  modes have d i r e c t l y  i n f l u e n c e d  t h e  system 
and t h e  d e t a i l e d  e l e c t r o n i c s  des ign a c t i v i t i e s .  An o u t l i n e  o f  t h e  f a i l u r e  
modes c o n s i d e r a t i o n s  i s  g i v e n  i n  Sec t ion  4.0. 

Some areas o f  a n a l y t i c a l  des ign a r e  incomplete. The 
these a r e  s e c t i o n s  o f  t h e  computer i n t e r f a c e  assoc ia ted  w 
c a t i o n s  ( t e l e t y p e ,  GSE, and recorder )  and a smal l  p o r t i o n  
sect i on. 

most s g n i  f i c a n t  o f  
t h  aux l i a r y  communi- 
o f  t h e  analog o u t p u t  

S i m u l a t i o n  s t u d i e s  a r e  cont inu ing,  based on ground r u l e s  i n d i c a t e d  i n  t h e  
second and t h i r d  c o n t r o l  system TDR's. 

1 .  I NONLINEAR ANALYSES 

1 
S I /  

S i m u l a t i o n  s t u d i e s  o f  t h e  sp ike  a c t u a t o r  dynamics were completed d u r i n g  
t h i s  r e p o r t  p e r i o d  and a r e  d e t a i l e d  i n  Sec t ion  5.0. Fur ther  work w i l l  be done 
on t h i s  s u b j e c t  i f  new requirements warrant .  

S i m u l a t i o n  o f  t h e  f u e l  and temperature c o n t r o l  f u n c t i o n s  has progre.sed 
t o  an o p e r a t i o n a l  s tage i n  t h e  analog computer f a c i l i t y .  Heat exchanger char-  
a c t e r i s t i c s  have been d e a l t  w i t h  i n  d e t a i l .  Coo l ing  system s i m u l a t i o n  has 
progressed t o  t h e  p o i n t  where usable des ign data i s  be ing  p r o v i d e d  f o r  t h e  
temperature c o n t r o l  e l e c t r o n i c s  c i r c u i t  development. A paper s tudy  o f  t h e  
hydrogen turbopump dynamics has begun. 

I .2  DIGITAL COMPUTER 

The Arma M i c r o  D d i g i t a l  computer, i t s  o p e r a t i n g  console, and t h e  t e l e t y p e  
equipment were d e l i v e r e d  e a r l y  i n  t h i s  r e p o r t i n g  p e r i o d .  T h i s  equipment has 
seen e x t e n s i v e  o p e r a t i o n  i n  t h e  l a b o r a t o r y  and i s  p r o v i d i n g  t h e  necessary means 
fo; o b t a i n i n g  a p r a c t i c a l  work ing knowledge o f  t h e  machine f o r  b o t h  so f tware  
and hardware eng ineer ing  personnel .  The equipment i s  be ing  used f o r  p r e l i m i -  
nary v e r i f i c a t i o n  and t e s t i n g  o f  t h e  so f tware  programs. Software a c t i v i t y  i s  
covered i n  d e t a i l  i n  Para. 6.1. 
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I . 3  POWER SUPPLY ' b"', 

1' 

The c o n t r o l  system power requirements have been establ ished,  bu t  minor  
v a r i a t i o n s  w i l l  occur as design o f  t h e  remaining e l e c t r o n i c s  reaches i t s  f i n a l  
stages. Conceptual des ign o f  t h e  severa l  power supply  sec t ions  has been 
completed and breadboarding has begun. T h i s  a c t i v i t y  i s  descr ibed i n  Para. 
6.2, and t h e  ground r u l e s  f o r  f u r t h e r  work on t h e  power supply  a r e  o u t l i n e d .  

I .4 COMPUTER INTERFACE 

Engineer ing e f f o r t  i n  t h i s  area i s  d i v i d e d  i n t o  two s e c t i o n s  which a r e  
c l o s e l y  r e l a t e d  f rom a f u n c t i o n a l  s tandpo in t .  Two two areas a r e  t h e  d i g i t a l  
p a r t  o f  t h e  i n t e r f a c e  ( d e s c r i b e d  i n  Para. 6.3.1) and the  analog p a r t  o f  t h e  
i n t e r f a c e  ( d e s c r i b e d  i n  Para. 6.3.2). The d i s t i n c t i o n  is made fo r  the  con- 
venience i n  r e p o r t i n g  t h e  d e t a i l  des ign a c t i v i t i e s ,  a l though some o v e r l a p  e x i s t s  
i n  t h e  f u n c t i o n a l  d e s c r i p t i o n s .  

Sec t ion  6.3 i s  devoted t o  conceptual  c i r c . u i t  d e t a i l s  and t o  c i r c u i t  and 
hardware d e t a i l s  f o r  t h e  breadboard a c t i v i t y .  Components have been b u i l t  and 
t e s t e d  f o r  a l a r g e  p a r t  o f  t h e  system i n t e r f a c e .  Except f o r  t h e  a u x i l i a r y  
communications, t h e  d i g i t a l  s e c t i o n  i s  very  n e a r l y  complete. 

1.5 TEMPERATURE CONTROL 

A c t i v i t y  i n  t h i s  area has been somehwat c o n s t r a i n e d  due t o  t h e  schedul ing 
o f  t h e  s i m u l a t i o n  s t u d i e s .  
w i l l  be recognized by t h e  e x t e n t  o f  new hardware and c i r c u i t  d e t a i l  shown i n  
Para. 6.4. 

However, cons iderab le  progress has been made as 
.J 

S i m u l a t i o n  s t u d i e s  o f  t h e  c o o l i n g  system have advanced t o  t h e  p o i n t  where 
t h e  temperature c o n t r o l  concept i s  n e a r l y  complete. 
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2.0 PROBLEM STATEMENT 

A control system is required to provide positive, safe control during 
ground and flight testing of a hydrogen-fueled, regeneratively cooled hyper- 
sonic ramjet engine. The control system must ( I )  schedule the fuel flow to 
the engine combustion chamber in accordance with programmed instructions to 
vary the fuel-to-air (equivalence) ratio as a function of certain flight 
parameters, ( 2 )  schedule the total fuel flow to the engine to provide adequate 
structural cooling, and ( 3 )  provide appropriate signals in response to indi- 
cations of hazardous conditions. The control system must perform these 
functions over a wide range of environmental conditions consistent with 
ground testing and flight testing onboard the X-15-2 aircraft. 
of the control system development program is the design and development of 
such an engine subsystem. 

The objective 
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3.0 TOPICAL BACKGROUND 

.. 

The engine design developed i n  accordance w i t h  the NASA-Langley Statement 
of Work L-4947-8 must u t i l i z e  supersonic combustion a t  f rees t ream Mach numbers 
from 6 t o  8. 
code may be subsonic t o  y i e l d  the bes t  performance. 
be p rov ided  f o r  i n l e t  f l o w  s t a r t  and i n i t i a t i o n  o f  combustion, i n c l u d i n g  
a t  l e a s t  one r e s t a r t ,  a f t e r  engine s h u t o f f  a t  any speed from Mach 3 t o  8. 
The c o n t r o l  system must ( I )  schedule engine f u e l  f low, i n  accordance w i t h  the 
computer f rees t ream Mach number; and ( 2 )  es tab l  ish, t r a n s f e r ,  and m a i n t a i n  
the  des i red  combustion mode c o n s i s t e n t  w i t h  programmed i n s t r u c t i o n s .  

I n  the  f rees t ream Mach number range from 3 t o  6, the  combustion 
I n  a d d i t i o n ,  means must 

To achieve re1 i a b l e  o p e r a t i o n  ove r  the intended hypersonic f l  i g h t  regime, 
hydrogen f u e l  must r e g e n e r a t i v e l y  cool  major p o r t i o n s  o f  the ramje t  engine 
s t r u c t u r e .  The hydrogen f u e l / c o o l a n t  f l o w  must be adequate under a l l  engine 
o p e r a t i n g  and nonopera t ing  c o n d i t i o n s  t o  1 i m i t  metal  temperatures and tempera- 
t u r e  d i f f e r e n c e s  compat ib le  w i t h  sound s t r u c t u r a l  design. I n  some engine 
nonopera t ing  c o n d i t i o n s  and some o p e r a t i n g  cond i t i ons ,  f u e l  f l o w  i s  s u f f i c i e n t  
t o  cool  the engine combustor. The f u e l  system, there fore ,  w i l l  i nc lude  an 
overboard dump va lve  t o  pe rm i t  f u e l  f l o w  i n  excess o f  engine combustion r e q u i r e -  
ments. The c o n t r o l  system must sense t h e  c r i t i c a l  s t r u c t u r a l  temperatures and 
i n i t i a t e  and m a i n t a i n  coo lan t  f l o w  as necessary. 

To p e r m i t  o p e r a t i o n  o f  the engine over the  Mach number range from 3 t o  8, 
the i n l e t  sp i ke  must be t r a n s l a t e d  t o  va r ious  p o s i t i o n s .  The c o n t r o l  system 
must compute the  f rees t ream Mach number based on sensed f l  i g h t  parameters, 
determine the a p p r o p r i a t e  sp i ke  p o s i t i o n ,  and s i g n a l  the sp i ke  a c t u a t i o n  system. 

The c o n t r o l  system w i l l  be housed w i t h i n  the engine nozz le  c a v i t y .  
Accordingly,  s i z e  and packaging l i m i t a t i o n s  govern the design. Further,  the 
need f o r  access and replacement o f  components i n  the  f i e l d  must be kept  t o  
a minimum, c o n s i s t e n t  w i t h  the  research na tu re  o f  t he  program. 
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4.0 OVERALL APPROACH 

The overall approach follows the same general 1 ines indicated in the 
second and third control system (References 4-1 and 4-2). 
ily devoted to further explanations of and refinements to the control system 
configuration as related in the referenced documents. New material on system 
monitoring concepts is included. 

Section 4 is primar- 

In cases where there is disagreement, statements in the later TDR's 
take precedence over earlier TDR's. Specific reference will be found in the 
text relating such changes to previous conditions. 

4. I CONTROL SYSTEM OPERATION 

The control system has two prime functions: ( I )  to control the inlet 
geometry and the fuel flow to the combustors, and (2) to provide safe operation 
and automatic precautionary control as conditions dictate. 

In general, the control system operates automatically under the control of 
1 stored program data. It receives various stimuli from sensors in the system 

and only in a few instances will it be subject to the influence of manual 
discrete commands 

4. I .  I Enqine Control Sequence Stimul i 

Control system activity depends only on the presence of electrical power. 
It will tolerate temporary power lapses that will occur during the switching 
of sources (e.g., ground to 8-52, to X-15A-2) prior to launch. The firs: 
control mode switching will occur automatically in response to a discrete 
signal identified as the predrop signal. This mode change should be executed 
prior to the final commitment to launch the X-15A-2, so that the switchover is 
verified by the self-test routine. 

The predrop signal puts the engine control program into a "ready" status. 
Prior to this, the system will be functioning in a self-check mode which 
includes system degradation tests. The level of monitoring which occurs before 
and after the predrop signal i s  more fully described in Section 4.4 under 
monitoring concepts. After the predrop signal, the system will be operating 
in its primary mode, but still without the ability to mechanically control 
engine functions. This constraint exists because the servovalves are inopera- 
tive until pneumatic and hydraulic pressures are supplied. 

i 
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During h i g h  Mach number f l i g h t s ,  hydrogen f l o w  w i l l  be r e q u i r e d  f o r  
cool ing  p r i o r  t o  any requi  rements f o r  f u e l  i n j e c t i o n .  A se lec ted  temperature 
measurement w i l l  a u t o m a t i c a l l y  t r i g g e r  i n i t i a t i o n  o f  the hel ium purge and 
s t a r t u p  o f  the hydrogen c o o l i n g  f low.  
of  n i t r o g e n  i s  a problem, the n i t r o g e n  gas supply need n o t  be i n i t i a t e d  u n t i l  
the p i l o t  s w i t c h  i s  t u rned  on. The in fe rence  here i s  t h a t  a s h o r t  de lay  i n  
s t a r t u p  sequence w i l l  be exper ienced u n t i l  the sp i ke  a c t u a t o r  hydraul  i c  p ressure  
comes up t o  o p e r a t i n g  l e v e l .  
r o u t i n e  i n d i c a t e d  i n  F igure  4.3-10, page 4.23 o f  Reference 4-1. Power f o r  
the sp i ke  h y d r a u l i c  system and f o r  the f u e l  i n j e c t o r  valves i s  s u p p l i e d  f rom 
the n i t r o g e n  pressure.  

-1 *.+ 

Under these cond i t ions ,  i f  conserva t i on  

The s t a r t i n g  sequence w i l l  then f o l l o w  the 

During some low Mach number f l i g h t s ,  hydrogen w i l l  n o t  be r e q u i r e d  f o r  
c o o l i n g  p r i o r  t o  s t a r t u p .  
cause a s h o r t  de lay  i n  the s t a r t u p  a c t i v i t y ;  t h i s  a l l o w s  the  turbopump t o  reach 
an acceptab le  o p e r a t i n g  c o n f i g u r a t i o n  p r i o r  t o  the demand f o r  f u e l  d e l i v e r y .  
I n i t i a t i o n  o f  the n i t r o g e n  gas supply pressures w i l l  be programmed a t  t he  same 
t i m e  as the  purge. 

The i n i t i a t i o n  o f  the purge and hydrogen f l o w  w i l l  

The p r imary  manual c o n t r o l  i n p u t  i s  the p i l o t ' s  switch, which, when 
switched "on," in t roduces  a c o n t r o l  mode change d u r i n g  the  X-15A-2 f l i g h t  
phase. Th is  i n t e r v a l  i s  i d e n t i f i e d  as the  "HRE Test ' '  i n  the program sequence, 
as descr ibed i n  Reference 4-2, Table I ,  page 6. An i g n i t i o n  "on" s i g n a l  w i l l  
be p rov ided  a u t o m a t i c a l l y  by the c o n t r o l  system. The c o n d i t i o n s  and d u r a t i o n  
o f  the i g n i t i o n  i n t e r v a l  have n o t  y e t  been defined. Dur ing normal o p e r a t i n g  
cond i t ions ,  a t  the end of the HRE t e s t  i n t e r v a l ,  the p i l o t  must t u r n  the s w i t c h  
o f f  manually. Th is  a c t i o n  w i l l  c l o s e  t h e  f u e l  i n j e c t o r s ,  shut o f f  i g n i t i o n ,  
and c lose  the  engine i n l e t .  The temperature c o n t r o l  w i l l  con t i nue  t o  opera te  
the c o o l i n g  system. A programmed t ime l i m i t  f o r  the t e s t  can be p rov ided  as a 
shutdown s a f e t y  c o n d i t i o n .  I f  any o f  t he  engine warning s i g n a l s  appear (e.g. 
low LH2, N2, He) the engine w i l l  be shutdown a u t o m a t i c a l l y  even though the 
p i l o t  s w i t c h  is1'on; and a normal c o o l i n g  c o n f i g u r a t i o n  w i l l  proceed. The , 
c o o l i n g  system w i l l  be shutdown a u t o m a t i c a l l y  when descent c o n d i t i o n s  reach a 
s u f f i c i e n t l y  low heat i n p u t  c o n f i g u r a t i o n  and i n d i c a t e  a low enough temperature 
f o r  shutdown. I n  e i t h e r  case, a l l  c o n t r o l  system power should be tu rned o f f  
t o  min imize  any temperature soakup when c o o l i n g  becomes i n a c t i v e  d u r i n g  descent. 
Implementat ion o f  t h i s  power shutdown w i l l  be reviewed i n  t e r m s  o f  f u n c t i o n a l  
s a f e t y  . 

Many o f  the mode changing s t i m u l i  a r e  d e r i v e d  from data be ing  processed i n  
the d i g i t a l  computer d u r i n g  i t s  c o n t r o l  computations. Other d i s c r e t e  s i g n a l s  
used a r e  i npu ts  s p e c i f i c a l l y  intended f o r  m o n i t o r i n g  and mode c o n t r o l .  A l i s t  of 
the va r ious  d i s c r e t e  s i g n a l s  used i n  the  computer program i s  g i ven  i n  Table 4.1-1.  

4. 1.2 Valve Opera t inq  Con f iqu ra t i ons  

C l a r i f i c a t i o n  o f  t he  o p e r a t i o n  o f  the c o n t r o l  system e l e c t r o n i c s  requ i res  
examinat ion o f  o p e r a t i n g  c o n f i g u r a t i o n s  o f  the n ine  c o n t r o l  valves.  For f a i l -  
s a f e t y  reasons, a l l  va lves  w i l l  go hardover when e l e c t r i c a l  power i s  removed 
from the va l ve  d r i v e r s .  The coo lan t  va lves  and t h e  dump va lve  w i l l  open. The 
f u e l  va lves  w i l l  c l ose  and the i n l e t  w i l l  be d r i v e n  t o  the c losed p o s i t i o n .  
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TABLE 4 .  1 - 1  

INPUT/OUTPUT DISCRETE SIGNALS 

- 
I Total 5 

I Input 

Pi lot switch I 

Gas supplies: Low LH2 I 

(Monitoring) Low N2 I 

Low He I 

Predrop signal I 

output 
~ 

Ign i t ion 

Gas supply activation: Purge He/LH 
2 

Squib N 2 
Valve supply He 

Monitoring: Go/No-Go (Warning Light) 

Shutdown 

Fi re 

Total 

I 

2 

2 

I 

I 

I 

I 

9 

- 
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4 .  1.2. I Spike Ac tua to r  Valve 

The sp i ke  c o n t r o l  va l ve  a c t s  as a p r o p o r t i o n a l  device when t h e  LVDT 
p o s i t i o n  s i g n a l  i s  w i t h i n  k0.6 in .  o f  t h e  p o s i t i o n  command. When t h e  p x i t i o n  
e r r o r  exceeds 0.6 in., t he  va l ve  w i l l  go wide open i n  the d i r e c t i o n  cor -espond ing  
t o  e r r o r  s i g n a l  p o l a r i t y .  Wi th  e l e c t r i c a l  power absent ( v a l v e  d r i v e r  power 
removed) and h y d r a u l i c  p ressure  normal, the a c t u a t o r  w i l l  d r i v e  the  i n l e t  t o  
the c losed p o s i t i o n  due t o  a mechanical b i a s  i n  the  c o n t r o l  valve.  Wi th  
hydraul  i c  p ressure  absent, the a c t u a t o r  w i l l  no t  respond t o  e l e c t r i c a l  d r i v e  
s igna ls .  

4. I .  2.2 Cool inq  System Valves 

The coo lan t  r e g u l a t o r  va lves  (CRV's) and the dump va lve  f u n c t i o n  as 
p r o p o r t i o n a l  c o n t r o l  devices f o r  temperature i n t e r v a l s  near the re fe rence 1 i m i t s .  
With the  e l e c t r i c a l  power o f f  and gas pressure  (H2) present, the va l ve  areas 
a r e  a t  a maximum f o r  a l l  f i v e  valves.  
go wide open i r r e s p e c t i v e  o f  e l e c t r i c a l  d r i v e  cond i t i ons .  The s t a r t u p  c o n d i t i o n -  
ing  and v a l v e  a c t i o n  i s  reviewed i n  Para. 4.1.3 i n  the d i scuss ion  o f  hydrogen 
f l o w  i n  i t  i a t  ion. 

Wi th  gas pressure  absent t h e  va lves  w i l l  

4 .  1.2.3 Fuel Contro l  Valves 

The th ree  f u e l  c o n t r o l  va lves  (FCV's) f u n c t i o n  as p r o p o r t i o n a l  c o n t r o l  
devices i n  response t o  the  f u e l  f l o w  and d i s t r i b u t i o n  commands from the d i g i t a l  
program. Wi th  e l e c t r i c a l  power absent and gas pressure  (N2) present, the f u e l  
valves w i l l  c lose. I f  the n i t r o g e n  supp ly  p ressure  i s  absent, t he  va lves  w i l l  
c l ose  regard less  o f  e l e c t r i c a l  d r i v e  cond i t i ons .  

! 

4.1.3 I n i t i a t i o n  o f  Hydroqen Flow 

There a r e  two separate c o n f i g u r a t i o n s  f o r  i n i t i a t i o n  o f  hydrogen f low.  One 
i s  assoc ia ted  w i t h  the h ighe r  Mach number f l i g h t s  and requ i res  hydrogen f l ow  f o r  
engine c o o l i n g  i n  advance of requirements f o r  f u e l  i n j e c t i o n .  The o t h e r  con f igu -  
r a t i o n  a t  low Mach number demands hydrogen f o r  f u e l  i n j e c t i o n  on ly .  I n  e i t h e r  
case, the he l i um purge c y c l e  precedes the  i n p u t  o f  hydrogen t o  the  system 
plumbing and i s  executed by a t ime i n t e r v a l  c o n t r o l .  

4 .  1.3. I Hiqher Mach Number F1 i q h t s  

The h ighe r  Mach number c o n d i t i o n s  g e n e r a l l y  w i l l  demand t h a t  c o o l i n g  be 
s t a r t e d  a t  a predetermined Mach number o r  temperature l i m i t .  Cond i t ions  as 
determined by the data be ing  processed i n  the  d i g i t a l  computer w i l l  be t e s t e d  
f o r  o p e r a t i n g  l i m i t s .  When the  govern ing  l i m i t  i s  reached, the purge c y c l e  
w i l l  be i n i t i a t e d .  Under these c o n d i t i o n s  the re  w i l l  be no i n j e c t o r  f l o w  and 
the dump va lve  must be opened. n 

I n i t i a l l y  the c o o l a n t  f l ow  va lves  and the dump va lve  w i l l  a l l  be wide open 
due t o  an absence o f  gas pressure  across the  pneumatic s e c t i o n  o f  t h e  servo  
va 1 ves. 

/ 
h 
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, -1 

) It is assumed that a1 1 temperature measurements for the temperature control 
will still be below their limiting values and that the electrical commands to 
close all the valves are present. Therefore, unless some special provision is 
made, when the hydrogen flow builds up there will be a tendency for the cooling 
valves and the dump valve to close. Using established minimum valve ar=as and 
a directly applied small overdrive signal to the dump valve, the cooling system 
can be sustained in a fully operational condition at a relatively low level of 
cooling flow. In this condition, normal operation will develop as temperature 
demands supersede the residual low-level cooling flow. 

The next transition occurs when the inlet opens but the engine is still not 
lit. Some redistribution of flow will occur and the overall heat load will rise 
resulting in a normal increase in dump flow. 

A third phase follows as fuel delivery to the injectors is initiated. As 
injector flow increases, dump flow should decrease proportionally. Computer 
command dictates injector flow and the dump flow decrease will be in response 
to the temperature decrease which occurs temporarily because of the total flow 
transient. 
of plenum pressure) on the stabil ity of the rate of fuel delivery to the injectors. 

A question arises concerning the effects of this transient (in terms 

This potentially destabilizing influence can be handled in two ways. One 
method i s  to control the rate at which the injector valves open. A nominal 
interval would be about 1/2 sec according to present estimates. Another approach 
is to arbitrarily shut the dump valve when the injectors are opened, thus 
minimizing the change in total flow. 

As the simulation studies progress, the system reaction to injector flow 
initiation wiil be examined to determine if a real problem exists. In the 
meantime, sufficient flexibility is being built into the breadboard circuits 
to provide communication between the computer and the temperature control so  
that the methods proposed above can be implemented as required. 

4 .  1.3.2 Low Mach Number F1 iqhts 

Some low Mach number tests will require that fuel injection begin prior 
to any demand for system cooling. The engine will be brought to the ready 
condition and tests begun in the manner previously indicated in Para..4.1.1. 

The procedure is the same as for the initial conditions described, in 
Para. 4.1.3.1 above. Since a cooler inlet starts easily, it may be desirable 
to overcool the inlet slightly by making the initial dump valve overdrive signal 
larger than the nominal minimum flow requirement. 

The transition to the required injector flow should be straightforward with 
the injector valve signal and the removal of the dump valve signal timed to 
minimize the total flow transient. 
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I 4. I .4 Cool i n s  Cons i d e r a t  ions Re la ted  t o  Enqine Shutdown 

The t r a n s i t i o n  between combustor c u t o f f  and pure  c o o l i n g  c o n f i g u r a t i o n  i n  
the  presence o f  h i g h  heat  loads w i l l  p robab ly  r e q u i r e  some a n t i c i p a t i o i r  t o  
m a i n t a i n  s t a b l e  f l o w  cond i t i ons .  The n e c e s s i t y  w i l l  be determined i n  l a t e r  
s tage o f  t he  s i m u l a t i o n  s tud ies .  

The a n t i c i p a t i o n  would c o n s i s t  o f  a f o r c e d  opening o f  the  dump va lve  as 
the  i n j e c t o r s  a r e  shut  down and then a t r a n s i t i o n  t o  normal o p e r a t i o n  by  t h e  
temperature c o n t r o l .  A s i m i l a r  procedure w i l l  a p p l y  t o  an u n s t a r t ,  w i t h  t h e  
r e s t a r t i n g  sequence generated a p p r o p r i a t e  t o  the  e x i s t i n g  f l i g h t  c o n d i t i o n s  as 
p r e v i  ous l  y ind ica ted .  

4.2  SYSTEM DESCRIPTION 

The c o n t r o l  system c o n f i g u r a t i o n  i s  e s s e n t i a l l y  the  same as out1 ined i n  
p rev ious  TDR's. Changes a t  t he  c i r c u i t  d e t a i l  l e v e l  a r e  covered i n  Sec t ion  6 
o f  t h i s  r e p o r t .  There are, however, d e t a i l s  r e l a t e d  t o  mechanizat ion o f  engine 
s t a r t u p  and m o n i t o r i n g  f u n c t i o n s  which w i l l  be presented below. The two func- 
t i o n a l  subsystems d iscussed a r e  r e p r e s e n t a t i v e  o f  t h e  approach employed i n  t h e  
c o n t r o l  system f o r  m o n i t o r i n g  ana log  i n t e r f a c e  elements. 

4.2.  I Spike Ac tua to r  Mechanizat ipn 

The f u n c t i o n a l  b l o c k  diagram shown i n  F igu re  4.2-1 i s  t h e  ana log  o u t p u t  
'1 s e c t i o n  t h a t  c o n t r o l s  the  i n l e t  geometry. Th i s  i s  t h e  c o n f i g u r a t i o n  i n d i c a t e d  

i n  F igure  4 ,  Page I I  o f  Reference 4-2. The command i s  generated by the  d i g i t a l  
computer and the  loop i s  c losed e x t e r n a l l y .  Th i s  approach p rov ides  t i g h t  loop 
c l o s u r e  w i t h  a s imp le  feedback c i r c u i t .  The dynamics response f o r  t h i s  con f igu -  
r a t i o n  i s  reviewed i n  d e t a i l  i n  Sec t ion  5.1 o f  t h i s  repo r t .  The ram r a t e  t rans -  
ducer was e l i m i n a t e d  as a r e s u l t  o f  the  s i m u l a t i o n  study. 

Two mon i to red  items a r e  i n d i c a t e d  i n  F igu re  4.2-1. One i s  t h e  driwz- c u r r e n t  
t o  t h e  to rque  motor; the  o t h e r  i s  the  LVDT outpu t .  The s i g n a l  f rom t h e  LVDT 
can be compared w i t h  t h e  computer-generated command. 
s a f e t y  checks on t h i s  c o n t r o l  w i l l  be p resented  i n  complete form i n  the  n e x t  
qua r t e  r l  y repo r t .  

The f a i l u r e  modes and 

P o s i t i o n  data from the  LVDT i s  i n p u t  t o  the  computer f o r  t he  a d d i t i o n a l  
purpose o f  reco rd ing  it f o r  l a t e r  data reduc t i on  on a i r  mass f l o w  c a l c u l a t i o n s .  

4.2.2 Temperature Cont ro l  Mechanizat ion 

F igu re  4.2-2 shows the  i n fo rma t ion  f low f o r  t h e  b a s i c  temperature c o n t r o l  
and i t s  l i n e s  of  communication w i t h  t h e  computer i n t e r f a c e .  These l i n e s  serve  
the  purposes o f  engine s t a r t u p  c o n t r o l  and mon i to r i ng .  S tar tup  i s  d i c t a t e d  by 
the  d i g i t a l  program and w i l l  f o l l o w  the  methods o u t l i n e d  i n  Para. 4.1. The 
m o n i t o r i n g  i s  d iscussed g e n e r a l l y  i n  Para. 4.4.  
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The inpu ts  f rom t h e  computer t o  each f low channel m u l t i p l e x e r  and t o  the  
dump va lve  o v e r d r i v e  d e t e c t o r  w i l l  p e r m i t  any combinat ion o f  va l ve  area s e t t i n g .  
The ou tpu t  c u r r e n t  t o  each torque motor  i s  sensed and the  data i s  then checked 
i n  the  d i g i t a l  computer t o  determine if t h e  temperature c o n t r o l  responded 
p roper l y .  Dur ing  ground t e s t i n g  when gas pressure  i s  ava i l ab le ,  f l u i d  f l o w  can 
be measured and compared w i t h  to rque motor  c u r r e n t  as a check on the  hydro- 
mechanical elements o f  t h e  valves. 

'3 

4 . 2 . 3  Fuel Contro l  Mechanizat ion 

The computer ou tpu ts  va l ve  p o s i t i o n  ( v a l v e  area)  commands t o  t h e  respec t i ve  
h o l d i n g  amp1 i f  i e r s  which, i n  turn,  p resent  cont inuous e l e c t r i c a l  s i g n a l s  t o  the  
va l ve  d r i v e r s .  The loop i s  c o n t r o l l e d  th rough t h e  d i g i t a l  computer as a f u n c t i o n  
o f  combustor l i m i t s  o r  on t o t a l  f u e l  mass f l o w  as i n d i c a t e d  i n  the  second TDR. 

The d r i v e  c u r r e n t  t o  the  f u e l  va l ve  to rque motors i s  t r a n s m i t t e d  t o  the  
camp-uter i n t e r f a c e  f o r  m o n i t o r i n g  i n  t h e  same way as p r e v i o u s l y  i n d i c a t e d  f o r  
the  o t h e r  c o n t r o l  va lves.  

4 . 3  TRANSDUCER STUDIES 

I n  the  t h i r d  TDR, the  des ign approach f o r  a l l  t he  temperature measurements 
i n d i c a t e d  t h a t  the  c o l d  j u n c t i o n  compensators would be l oca ted  i n  t h e  v i c i n i t y  
o f  the  r e l a t e d  thermocouples. T h i s  approach has been changed f o r  severa l  reasons. 

Cold j u n c t i o n  compensation i s  now l o c a t e d  w i t h i n  the  c o n t r o l  system i n t e r f a c e  
package. T h i s  approach reduces t h e  amount o f  e x t e r n a l  w i r i n g  t o  temperature 
sensors t o  h a l f .  I t  e f f e c t s  a sav ing  i n  e l e c t r o n i c s  c i r c u i t r y  and p laces  
the  compensator i n  a r e l a t i v e l y  d o c i l e  temperature environment. The p e n a l t y  
i nvo l ved  i s  us ing  thermocouple w i r e  f o r  i n t e r c o n n e c t i n g  c a b l i n g  th rough the  
s t r u c t u r e .  Ana lys i s  i n d i c a t e s  t h a t  t he  accumulated (RSS'd) temperature 
measurement e r r o r  i s  lower  f o r  t h e  new approach. 

Mount ing and temperature environment c o n t r o l  f o r  the s t r a i n  gage pressure  
sensors i s  s t i l l  under cons ide ra t i on .  No e f f e c t  on computer i n t e r f a c e  des ign  
i s  a n t i c i p a t e d .  

4 . 4  CONTROL SYSTEM MONITORING CONCEPTS 

The genera l  des ign  ph i losophy i s  t o  p r o v i d e  a h i g h l y  r e l i a b l e  system, and 
one i n  wh ich  system degradat ion  can be checked. The system has l i t t l e  o r  no 
redundancy; because o f  t h i s ,  f a i l u r e  d e t e c t i o n  i s  c r i t i c a l ,  s i n c e  most f a i l u r e s  
c o n t r i b u t e  t o  dangerous o p e r a t i n g  cond i t i ons .  

F a u l t  i s o l a t i o n  should be p o s s i b l e  a t  l e a s t  t o  t h e  b l a c k  box l e v e l .  Due 
t o  t i g h t  packaging, the  removal, and replacement o f  par ts ,  modules, etc.,  w i  1 1  
be d i f f i c u l t .  

Three l e v e l s  o f  t e s t  m o n i t o r i n g  a r e  be ing  considered: one assoc ia ted  w i t h  
the  f u n c t i o n  o f  ground suppor t ;  one i n  t h e  p r e f l i g h t  t o  p re launch pe r iod ;  and 
one a f t e r  launch th rough the  engine f l i g h t  t e s t s .  These t e s t  r o u t i n e s  w i l l  be 
executed w i t h  the  i n s t a l l e d  sensors p r o v i d i n g  l o c a l  environment da ta  t o  t h e  
c o n t r o l  system. 

/ 
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Some s imu la ted  i npu ts  f o r  check ing system degradat ion  w i l l  be generated 
w i t h i n  the  computer i n t e r f a c e .  General t e s t s  w i t h  a wide range o f  s imu la ted  
i npu ts  w i l l  be c a r r i e d  o u t  o n l y  when t h e  c o n t r o l  system components a r e  removed 
f rom the  engine and coupled t o  ground checkout equipment. 

Components and f u n c t i o n a l  groups w i l l  be examined and cha rac te r i zed  as  
t o  most p robab le  f a i l u r e  modes (e.g., c a t a s t r o p h i c  f a i l u r e s  o r  degraded opera t i on ) .  

A c t i v e  f a i l u r e s  can be de tec ted  by d i r e c t  means, b u t  care  must be taken 
t o  ensure t h a t  pass ive  f a i l u r e s  which may l a t e r  become c r i t i c a l  do n o t  go 
undetected. 

The va r ious  d e t e c t i o n  means w i l l  i nc lude:  ( I )  l i m i t  checks, ( 2 )  p o i n t  
c a l c u l a t i o n s  based on i n t e r n a l l y  s imu la ted  inputs, and, where necessary 
(3)  c o n t i n u i t y  checks. The d i g i t a l  computer w i l l  be used as much as p r a c t i c a l  
i n  go/no-go eva lua t i ons .  P rov i s ions  a r e  made f o r  i n p u t t i n g  the  t e s t  data v i a  
the  computer i n t e r f a c e .  Storage o f  re ference l e v e l s  and data e v a l u a t i o n  w i  1 1  
be handled as a so f tware  problem, except f o r  one impor tan t  case which i s  a 
f a i l u r e  o f  t h e  d i g i t a l  computer. 

I t  i s  assumed t h a t  a d i g i t a l  computer f a i l u r e  c o u l d  immediately c r e a t e  
dangerous o p e r a t i n g  c o n d i t i o n s  and t h a t  t h e  computer i t s e l f  would be incapa- 

shutdown sequence. T h i s  type o f  f a  i 1 u r e  requ i res 
s i o n  element o p e r a t i n g  independent ly  o f  o t h e r  

b l e  o f  i n s t i t u t i n g  t h e  engine 
a simple, h i g h l y  re1 i a b l e  dec 
c o n t r o l  system func t ions .  

I 
i 

Th is  o u t s i d e  mon i to r  w i l  
The e l e c t r i c a l  power -o f f  cond 
have been d e f i n e d  so t h a t  t h e  

t u r n  o f f  power t o  a l l  c o n t r o l  system va lve  d r i v e r s .  
t i o n s  f o r  t h e  va lves  operated by the  c o n t r o l  system 
des i red shutdown w i  1 1  occur. 

F a i l u r e  of t he  o u t s i d e  mon i to r  w i l l  have a ve ry  h igh  p r o b a b i l i t y  o f  genera- 
t i n g  system shutdown. Design o f  the  o u t s i d e  mon i to r  should be such t h a t  i t  
cannot f a i l  p a s s i v e l y  and go undetected. 

Sensor m a l f u n c t i o n  ( s h o r t  c i r c u i t ,  open c i r c u i t )  should be de tec ted  o r  
deduced f rom sensor o u t p u t  measurements. Th is  inc ludes  the  thermocouples, 
p ressure  sensors, and LVDT. 

Power supp ly  m o n i t o r i n g  i s  r e q u i r e d  f o r  f a u l t  l o c a t i o n .  C e r t a i n  1 i m i t a -  

These l a t t e r  f a i l u r e s  cannot be s e n s i b l y  mon i to red  by 
t i o n s  e x i s t  i n  t h i s  area s ince  the  computer may n o t  be func t i on i ' ng  w i t h  some 
power supp ly  f a i l u r e s .  
d i r e c t  means. 

T radeo f f s  w i l l  be made c o n s i s t e n t  w i t h  t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  o f  
t he  c o n t r o l  system as a whole. A f t e r  t he  des ign cons ide ra t i ons  i m p l i e d  have 
been examined, the  scope o f  the m o n i t o r i n g  w i l l  be reviewed. I n  general, a l l  
c i r c u i t  des ign  i s  proceeding w i t h  the  above requirements i n  mind. 
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4.4. I F a i l u r e  Cateqor ies 

Cont ro l  system f a i l u r e s  can be i d e n t i f i e d  as those p o t e n t i a l l y  s t r u c t u r a l l y  
dangerous t o  the  engine o r  the  X-15A-2 and those which may induce improper engine- 
ope ra t i on  b u t  do n o t  represent  an immediate hazard. 
which generate an unintended a c t i o n  o f  the  d r i v e n  elements (va lves) ) ,  w i l l  u s u a l l y  
f a l l  i n t o  the  former category. "Passive f a i l u r e s "  be long t o  the  ca tegory  o f  no 
immediate hazard and a r e  c h a r a c t e r i z e d  by a c o n d i t i o n  which causes no change i n  
o p e r a t i n g  cond i t i ons .  A pass ive  f a i l u r e  may, however, become an a c t i v e  f a i l u r e  
w i t h  a change i n  o p e r a t i n g  cond i t i ons .  

"Ac t i ve  f a i l u r e s , "  ( t hose  

4.4.2 M o n i t o r i n q  Modes and F a i l u r e  De tec t i on  

A c t i v e  f a i l u r e s  can u s u a l l y  be de tec ted  immediately, s ince  they  represent  
a depar tu re  from p r e d i c t a b l e  o p e r a t i n g  cond i t i ons .  End-to-end s t a t i c  accuracy 
t e s t s  can be used t o  determine component performance degradation. Areas which 
come d i r e c t l y  under t h i s  s u r v e i l l a n c e  a r e  sensors, i n t e r f a c e  e l e c t r o n i c s ,  
d i g i t a l  computer, a c t u a t i n g  va lves  and aerodynamic and thermal f u n c t i o n i n g  o f  
t he  engine. Opera t iona l  m o n i t o r i n g  i nvo l ves  two modes. Pre launch o r  predrop 
m o n i t o r i n g  w i l l  be more comprehensive than t h e  f l i g h t  t e s t  mode. The f l i g h t  
t e s t  i t s e l f  i s  a r e l a t i v e l y  s h o r t  p e r i o d  o f  time, l ess  than 5 min.; d u r i n g  
f l i g h t  t e s t ,  d i g i t a l  computer t ime must be conserved f o r  ope ra t i ona l  c o n t r o l  
needs. Consequently, the  m o n i t o r i n g  a t  t h a t  t ime  i s  d i r e c t e d  t o  the task  of 
check ing f o r  a c t i v e  f a i l u r e s  r e l a t e d  t o  loss o f  c o n t r o l .  

S t a t i c  accuracy t e s t s  run d u r i n g  pre launch a r e  t ime consuming and would 
c o n f l i c t  w i t h  normal engine opera t ion .  Degradation t e s t s  o f  t h i s  nature, run 
con t inuous ly  u n t i l  j u s t  be fo re  launch, j u s t i f y  t h e  launch i f  no f a i l u r e s  a r e  
detected. These accuracy t e s t s  a r e  e s s e n t i a l l y  end-to-end checks i n  wh ich  
known inpu ts  should produce predetermined r e s u l t s  f o r  program computations. 
Since c o n t r o l  va lves  a r e  o p e r a t i n g  open loop, the  t e s t  l i m i t s  a r e  l ess  s t r i n g e n t  
f o r  these ou tpu t  dev ices than f o r  the system i n p u t  s igna ls .  A f u l l y  o p e r a t i o n a l  
t e s t  o f  t h e  c o n t r o l  va lves  can o n l y  be performed w i t h  p roper  supp ly  pressures 
a v a i l a b l e .  Consequently, the l a s t  check on these dev ices p r i o r  t o  f l i g h t  t e s t s  
w i l l  have occur red  d u r i n g  ground checkout, be fo re  the  engine i s  mounted on the  
X-15. I n  f l i g h t ,  p re launch t e s t s  determine t h a t  t h e  proper  e l e c t r i c a l  d r i v e  
has a c t i v a t e d  t h e  va l ve  to rque motors, b u t  these t e s t s  do n o t  check the  hydro- 
mechanical s e c t i o n  o f  t h e  valve. 

Sensor accuracy, o f  course, cannot be determined d u r i n g  f l  igh t ,  b u t  
comparison o f  the  va r ious  sensor i npu ts  p rov ides  a means o f  cross-checking. 
The d i g i t a l  computer programming inc ludes  se l f - check  rou t i nes  which assess t h e  
general h e a l t h  o f  the  computer i t s e l f .  O u t p u t t i n g  a command and read ing  i t  a t  
t he  i n p u t  p rov ides  an end-to-end check on i n t e r f a c e  e l e c t r o n i c s .  Here again, 
t e s t i n g  w i l l  be more comprehensive d u r i n g  the  pre launch mode than d u r i n g  the  
f l  i g h t  t e s t .  

The e l e c t r o n i c s  i n t e r f a c e  must, there fore ,  have the  capab i l  i t y  t o  l ook  a t  
i t s  own outpu ts  and t o  p r o v i d e  the  necessary predetermined inpu t  s igna ls .  Tes t  
modes a r e  d i c t a t e d  by s t o r e d  programs. 
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4.5 ERROR ANALYSES 

Dynamic and component s t a t i c  e r r o r  s t u d i e s  a r e  c o n t i n u i n g  i n  c o n j u n c t i o n  
w i t h  the  s i m u l a t i o n  s t u d i e s  and c i r c u i t  design. The system s teady-s ta te  e r r o r  
a n a l y s i s  was stopped pending a change i n  program f o r  the a i r  we igh t  f l c . :  and 
f u e l  f l o w  computations. T h i s  a c t i v i t y  shou ld  be resumed e a r l y  i n  t h e  coming 
r e p o r t  per iod .  

AIRESEARCH MANUFACTURING DlVlSlON 
Lo5 Angel?$ California 

68-3589 
Page 16 



5.0 ANALYTICAL DESIGN 

5.1 DYNAMIC ANALYSIS OF SPIKE SERVOACTUATOR 

The l a s t  c o n t r o l  system development repor t ,  T h i r d  I n t e r i m  Technica l  Data 
Report, AP-67-3131 discussed t h e  r e s u l t s  o f  a l i n e a r  a n a l y s i s  o f  t h e  sub jec t  
system and a l s o  descr ibed a n o n l i n e a r  d i g i t a l  s i m u l a t i o n  program o f  t h e  system. 
No data had been generated a t  t h a t  t ime.  

Dur ing  t h e  e a r l y  p a r t  o f  t h i s  r e p o r t  p e r i o d  t h e  servoac tua tors  l a r g e  s tep  
and smal l  p e r t u b a t i o n  c h a r a c t e r i s t i c s  were eva lua ted  u s i n g  t h e  s i m u l a t i o n  p r o -  
gram; these were repor ted  i n  d e t a i l  i n  AP-68-3250. The system e x h i b i t e d  very  
s tab le,  overdamped responses a t  a l l  c o n d i t i o n s  inves t iga ted ,  and i t  was 
concluded t h a t  no form o f  dynamic compensation would be requ i red .  

Later, as f u r t h e r  mechanical des ign was completed on t h e  servoactuator ,  
f r i c t i o n  loads were rev ised.  T h e i r  va lues became h i g h e r  and more important,  
and were d e f i n e d  as v a r y i n g  w i t h  a c t u a t o r  v e l o c i t y ,  as shown i n  F i g u r e  5.1-1. 
The sharp drop i n  f r i c t i o n  l o a d i n g  t h a t  occurs when t h e  a c t u a t o r  s t a r t s  t o  
move i s  a d e s t a b i l i z i n g  e f f e c t ,  much t h e  same as a negat ive  r a t e  s p r i n g  migh t  
produce. Therefore,  i t  was decided t o  re run  t h e  s i m u l a t i o n  w i t h  t h e  new f r i c -  
t i o n  loads, and the  r e s u l t s  o f  t h a t  i n v e s t i g a t i o n  a r e  presented here.  The 
o r i g i n a l  system was no t  mod i f ied .  A IO-gpm servo valve, 3000-psi supply, and 
50-psi  d r a i n  p ressure  were used. 

5.1.1 Load Cond i t ions  

A s h o r t  rev iew o f  t h e  load c o n d i t i o n s  i s  inc luded f o r  t h e  s i m u l a t i o i  
runs discussed below. 

The -2OOF ambient cond i t ion ,  shown i n  F i g u r e  5.1-1, i s  t h e  most severe 
and was s e l e c t e d  f o r  t h e  a n a l y s i s  w i t h  t h e  s t r a i g h t - l i n e  approximat ions shown. 
The t o t a l  f r i c t i o n  f o r c e  was then d e f i n e d  as t h e  sum o f  t h e  b e a r i n g  f r i c t i o n ,  
innerbody seal  f r i c t i o n  500 lb, and t h e  a c t u a t o r  l o c k i n g  dev ice  100 lb .  The 
aero f o r c e s  and s p r i n g  be l lows f o r c e  used a r e  t h e  same as those used i n  p r e -  
v ious  i n v e s t i g a t i o n s ,  and a r e  documented i n  AP-68-3250. 

I n  general,  t h e  new f r i c t i o n  c h a r a c t e r i s t i c s  had l i t t l e  e f f e c t  on t h e  
performance o f  t h e  servo. 
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5. I .2 Resu l ts  

5. I .2 .  I Small Scale Dis turbance 

For t h i s  run, t h e  a c t u a t o r  i s  d r i v e n  t o  t h e  p o i n t  o f  4 - in .  r e t r a c t i o n ,  and 
a s t e a d y - s t a t e  c o n d i t i o n  i s  achieved. A smal l  s tep  i s  then introduced, so t h a t  
t h e  servova lve  i s  n o t  saturated.  F i g u r e  5.1-2 shows t h a t  t h e  system i s  w e l l  
behaved f o r  a smal l  d is turbance.  The response i s  overdamped w i t h  no overshoot.  
F i g u r e  5.1-3 i s  t h e  response o f  t h e  system f o r  a smal l  command d is tu rbance t h a t  
d r i v e s  t h e  system from 4.4 in .  t o  4.0 in .  Again, t h e  system i s  w e l l  behaved. 
The n e t  r e s u l t  o f  t h e  smal l -sca le  d is tu rbances  i s  t h a t  t h e  d e s t a b i l i z e d  charac- 
t e r i s t i c  o f  t h e  b e a r i n g  f r i c t i o n  f o r c e  has l i t t l e  o r  no e f f e c t  on t h e  servo 
a c t u a t o r  performance. 

5. I .2.2 Large Scale Dis turbance 

The la rge-sca le  a n a l y s i s  i s  done b y  i n t r o d u c i n g  s tep  i n p u t s  which achieve 
f u l l  r e t r a c t i o n - e x t e n s i o n  s t rokes.  F i g u r e  5.1-4 and 5.1-5 show a c t u a t o r  
p o s i t i o n  and v e l o c i t y ,  v a l v e  area, and t o t a l  load f o r c e  vs t i m e  f o r  a 
r e t r a c t i o n - e x t e n s i o n  sequence. Again, t h e  system i s  w e l l  behaved and over-  
damped. The t o t a l  t i m e  f o r  a r e t r a c t i o n - e x t e n s i o n  sequence i s  1.6 sec. 

A comparison o f  t h e  r e s u l t s  f o r  t h e  m o d i f i e d  l o a d i n g  w i t h  t h e  p r e v i o u s  
i n v e s t i g a t i o n s  shows v e r y  l i t t l e  d i f f e r e n c e  i n  behavior .  For instance, t h e  
a d d i t i o n a l  t i m e  f o r  a complete r e t r a c t i o n - e x t e n s i o n  sequence i s  l e s s  than 0.1 
sec. The maximum r e t r a c t i o n  v e l o c i t y  i s  0.2 in. /sec s lower;  t h e  maximum 
ex tens ion  v e l o c i t y  i s  a l s o  0.2 in. /sec slower. The maximum and minimum load 
f o r c e s  a r e  1000 l b  d i f f e r e n t  i n  each d i r e c t i o n  than those o f  t h e  prev ious  
ana 1 ys i s. 

1 

5.1.3 E f f e c t  o f  Supply Pressure V a r i a t i o n  

The e f f e c t s  o f  supply  pressure t r a n s i e n t s  were a l s o  considered. These 
e f f e c t s  migh t  be caused by dynamics o f  t h e  n i t r o g e n  pressure  r e g u l a t o r  i l l  

combinat ion w i t h  l i n e  losses and lags.  The t r a n s i e n t  used f o r  t h e  r e t r a c t i o n  
s t r o k e  i s  shown i n  F i g u r e  5.1-6. I n  t h i s  d i r e c t i o n  t h e  aero  loads a i d  t h e  
mot ion and t h e  supply  p ressure  i s  reduced almost 500 p s i  by t h e  i n i t i a l  r a p i d  
a c t u a t o r  ve loc i i t y .  Near t h e  end o f  t h e  t r a n s i e n t ,  supply  p ressure  peaks a t  some 
2200 p s i  when t h e  c o n t r o l  v a l v e  i s  c losed. The h y d r a u l i c  supply  system was n o t  
s imulated;  instead, supply  p ressure  t r a n s i e n t s  ( F i g u r e  5.1-6) were programmed 
i n t o  t h e  s i m u l a t i o n .  There was l i t t l e  d i f f e r e n c e  i n  t h e  centerbody servo- 
a c t u a t o r  performance a s  a r e s u l t  o f  supply  p ressure  t r a n s i e n t s .  T y p i c a l  r e s u l t s  
a r e  shown i n  F igures  5.1-7 and 5.1-8. A smal l  l a g  (maximum o f  0.020 in . )  i n  
a c t u a t o r  p o s i t i o n  caused by t h e  drop i n  supply  p ressure  i s  shown i n  F i g u r e  
5.1-7. However, t h e  a c t u a t o r  tends t o  ca tch  up t o  t h e  constant  supply  case 
near t h e  end o f  t h e  t r a n s i e n t  when t h e  pressure  peaks ( F i g u r e  5.1-8). I t  i s  
i f  supply  pressure t r a n s i e n t s  a r e  no worse than shown i n  F i g u r e  5.1-6. There 

w i l l  be v e r y  l i t t l e  e f f e c t  on t h e  servo a c t u a t o r  performance. 

3 
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'3 5. I .4  Summary 

The conclus ions reached f o r  t h e  p r e v i o u s  a n a l y s i s  o f  t h e  centerbody 
a c t u a t o r  can aga in  be s t a t e d  f o r  t h i s  a n a l y s i s  w i t h  t h e  m o d i f i e d  f r i c t i o n  
load ing :  

( a )  The c o n t r o l  c h a r a c t e r i s t i c s  o f  t h e  proposed h y d r a u l i c  centerbody 
servo a c t u a t o r  a r e  good. 
bo th  r e t r a c t i o n  and e x t e n t i o n  sequences. 

The system has an overdamped response f o r  

( b )  Abrupt changes o f  the  load f o r c e s  which occur  w i t h  i n l e t  s t a r t  and 
u n s t a r t  sequences have l i t t l e  e f f e c t  on t h e  performance o f  t h e  
system. 

( c )  The servo a c t u a t o r  i s  a l s o  w e l l  behaved f o r  s m a l l  l i n e a r  t r a n s i e n t s .  

( d )  N e g l e c t i n g  a l l  leakages, a f u l l  r e t r a c t i o n - e x t e n s i o n  sequence r e q u i r e s  
50 in .3  o f  h y d r a u l i c  f l u i d .  

( e )  T o t a l  t ime f o r  a complete c y c l e  i s  1.6 sec. 

Unless major  changes occur  i n  system mechanization, o r  new l o a d i n g  d e f i n i -  
t i o n s  a r e  encountered, t h e  hydraul  i c  centerbody servo a c t u a t o r  nonl  inear  
a n a l y s i s  i s  complete. F u r t h e r  i n v e s t i g a t i o n s  cannot be j u s t i f i e d  a t  t h i s  
t ime. Minor  d isc repanc ies  w i l l  undoubtedly appear when t h e  model i s  completed 
and tested, and i n v e s t i g a t i o n s  on t h e  t e s t  s tand should be conducted t o  v e r i f y  
these computer runs. 

i 

5.2 MATHEMATICAL MODEL STUDIES 

Analog s i m u l a t i o n  o f  t h e  c o o l i n g  system has been checked out, and has 
undergone t h r e e  phases o f  t e s t i n g :  ( I )  s t a t i c  tests ,  i n  which t h e  s i m u l a t o r  
was used t o  produce s teady-s ta te  pressures and f lows f o r  v a r y i n g  v a l v e  areas 
and i n j e c t o r  f lows;  ( 2 )  open-loop frequency response tests ,  i n  which t h e  band- 
w i d t h  o f  t h e  response o f  var ious  f lows t o  changing v a l v e  area was measured; 
and ( 3 )  c losed- loop t e s t s  o f  t h e  innerbody temperature cont ro l ,  which were 
used t o  p r o v i d e  i n i t i a l  design o f  compensation and t o  e s t a b l i s h  p r e l i m i n a r y  
design da ta  f o r  development o f  t h e  breadboard c o n t r o l .  

Many ref inements have been in t roduced i n t o  t h e  s i m u l a t o r  t o  reduce noise, 
decrease t h e  number o f  components used, e tc .  The s i m u l a t o r  has been comple te ly  
repatched; t h e  most recent set  o f  w i r i n g  d e t a i l s  i s  presented i n  Appendix A .  

Because t h e  o r i g i n a l  s i m u l a t o r  models ( t h e  i n d i v i d u a l  heat exchangers) 
cou ld  no t  match t h e  p r e d i c t e d  t r a n s i e n t  coo lan t  response, an independent s tudy 
of t h e  s i m u l a t i o n  o f  t h e  heat exchangers has been undertaken. A new model o f  
t h e  innerbody heat exchanger, developed from t h i s  study, was used i n  t h e  
c losed- loop t e s t s .  
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5.2.1 Report on Analog Computer S i m u l a t i o n  f o r  the  HRE Heat Exchanger --\\ 

I 

The problem i s  analog computer s i m u l a t i o n  o f  a regenera t ive  c o o l i n g  
system f o r  t h e  hypersonic  research engine. The engine f u e l  (hydrogen) i s  
c i r c u l a t e d  i n  t h e  body t o  achieve t h e  d e s i r e d  c o o l i n g .  Depending on f l i 3 h t  
cond i t ions ,  t h e  d e s i r e d  mass f l o w  r a t e  ( l b / s e c )  i s  passed through t h e  body 
by us ing  an a c t i v e  temperature c o n t r o l  system. 

A t y p i c a l  s e c t i o n  o f  t h e  engine s k i n  and i t s  dimensions a r e  shown i n  
F igure  5.2-1. 

0.015 IN.  + 
I 

HOT S K I N  

Irr- t 
0.05 IN.  

1 

COLD S K I N  

F i g u r e  5.2-1. Cross-Sect ion o f  t h e  HRE Heat Exchanger 

A d e t a i l e d  d i g i t a l  computer s i m u l a t i o n  has been performed f o r  t h e  system 
and t h e  r e s u l t s  o f  t h i s  s i m u l a t i o n  a r e  shown i n  F igures  5.2-2 through 5.2-9. 
An analog s i m u l a t i o n  i s  needed t o  match t h e  r e s u l t s  ob ta ined from t h e  d i g  t a l  
ana 1 ys i s. 

I n  d i g i t a l  computer s imu la t ion ,  t h e  heat exchanger (50- in .  long)  was 
d i v i d e d  i n t o  t h r e e  sec t ions ;  energy balance equat ions were used t o  c a l c u l a t e  
t h e  d i f f e r e n t  temperatures.  T h i s  procedure was used u n t i l  t h e  i n l e t  c o o l a n t  
temperature was obta ined.  I n  F i g u r e s  5.2-10 and 5.2-11: T(3, 17, 31, 20, 22, 
23, 24, 26, 28) a r e  meta l  node temperatures and T(71, 72, 73, and 74) a r e  t h e  
coo lan t  temperatures.  T71 i s  t h e  i n l e t  c o o l a n t  temperature and i t  i s  h e l d  a t  
a constant  -36OOF. Some o f  t h e  heat g i v e n  t o  t h e  h o t  s k i n  i s  s t o r e d  i n  t h e  
w a l l  and t h e  r e s t  i s  passed on t o  t h e  c o o l a n t .  I t  i s  assumed t h a t  t h e r e  i s  
no a x i a l  heat  t r a n s f e r  i n  t h e  meta l .  ( S i n c e  t h e  e f f e c t i v e  heat t r a n s f e r  

c o e f f i c i e n t  - i s  v e r y  smal l  t h e  heat  t r a n s f e r  which occurs between, say, 

T(3)  and T(17) can be neg lec ted . )  The temperature g r a d i e n t  i n  t h e  w a l l  i s  
shown i n  F igures  5.2-8 and 5.2-9. 
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I n  c a l c u l a t i o n s  concern ing t h e  heat t r a n s f e r  between t h e  meta l  and t h e  
coolant ,  an average c o o l a n t  temperature i s  used. For example, f o r  t h e  f i r s t  
node ( s e c t i o n )  a c o o l a n t  temperature used i s  

T(71) -I- T(72) 
2 

The above model, and t h e  r e s u l t s  o b t a i n e d  u s i n g  it, w i l l  be f r e q u e n t l y  r e f e r r e d  
t o  i n  t h e  f o l l o w i n g  sec t ions .  To a v o i d  r e p e t i t i o n ,  no equat ions a r e  g iven 
here. However, t h e  equat ions t h a t  w i l l  be used f o r  t h e  analog s i m u l a t i o n  w i l l  
be s i m i l a r  t o  t h e  d i g i t a l  ones. 

5.2. I .  I A n a l y s i s  o f  t h e  Analog Computer S i m u l a t i o n  

Given t h e  above c o n f i g u r a t i o n  and t h e  heat t r a n s f e r  equat 
computer model c o u l d  be obtained, bu t  t h e  number o f  a m p l i f i e r s  
t h i s  would make t h e  s i m u l a t i o n  i m p r a c t i c a l .  Hence, a model us 
number o f  a m p l i f i e r s  was sought. 

ons, an ana log  
requ i  red t o  do 
ng a s m a l l e r  

Since t h e  d i g i t a l  computer r e s u l t s  were a v a i l a b l e ,  some observa t ions  t h a t  
would s i m p l i f y  t h e  model cou ld  be made. The f i r s t  was t h e  f a c t  t h a t  t h e  
temperature g r a d i e n t  across t h e  c o l d  s k i n  was n e g l i g i b l e  and, there fore ,  
t h e  heat t r a n s f e r  between t h e  coo lan t  and t h e  c o l d  s k i n  c o u l d  be ignored. 
Al though t h i s  o b s e r v a t i o n  was based on t h e  r e s u l t s  obtained, a c l o s e r  look a t  
t h e  system c o n f i g u r a t i o n  would have y i e l d e d  t h e  same ' r e s u l t s ;  s i n c e  t h e  c o l d  

very  smal l  and t h e  heat  t r a n s f e r  across t h e  w a l l  w i l l  be n e g l i g i b l e .  
i s k i n  mass i s  much l a r g e r  than t h e  h o t  skin,  t h e  temperature g r a d i e n t  w i l l  be 

The nex t  s i m p l i f i c a t i o n  was t o  use one sect ion,  r a t h e r  than t h r e e  used i n  
t h e  d i g i t a l  s i m u l a t i o n .  T h i s  s i m p l i f i c a t i o n  c o u l d  be j u s t i f i e d  i f  t h e  response 
o f  t h e  o u t l e t  temperature was f i r s t  o rder .  
reduce down t o  a system w i t h  a f i r s t - o r d e r  t i m e  constant .  
computer r e s u l t s  i t  was observed t h a t  t h e  above assumption concern ing t h e  
behavior  o f  t h e  o u t l e t  coo lan t  temperature was indeed t r u e  f o r  t h e  s tep  
increases i n  heat i n p u t .  

Then t h e  analog s i m u l a t i o n  would 
From t h e  d i g i t a l  

By keeping t h e  above assumptions, t h e  f o l l o w i n g  s i m p l i f i e d  v e r s i o n  o f  t h e  
heat exchanger i s  p o s s i b l e .  

I 
H2 AVE 

TOUT! 

F i g u r e  5.2-12. Analog Computer Representat ion of Heat Exchanger 
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, --. 
Us ing  t h e  heat t r a n s f e r  formulas, t h e  f o l l o w i n g  equat ions can be d e r i v e d  which 
govern t h e  heat exchanger. 

1 
dTw = MwCpw - ‘IN .. ‘H2 dT 

= w CP (Tout - Tin) 
‘Ha 

‘H2 = A. 'The ) 

(5-2)  

(5-3) 

The f i r s t  equat ion  s imp ly  s t a t e s  t h a t  t h e  d i f f e r e n c e  between heat i n  and 
dTw 

heat ou t  o f  t h e  w a l l  i s  s t o r e d  i n  t h e  w a l l .  This s t o r e d  heat i s  MwCpw-, 
dT 

where Mw and Cpw a r e  t h e  mass and t h e  heat c a p a c i t y  o f  the  w a l l  and 

dT 
- dTw i s  t h e  r a t e  o f  change o f  t h e  w a l l  temperature. 

Equat ion (5-2)  s t a t e s  t h a t  t h e  en tha lpy  increase o f  t h e  coo lan t  i s  equal 
t o  t h e  heat taken by t h e  coolant,  and equat ion  (5-3) y i e l d s  the heat  which i s  
g iven  o f f  t o  t h e  coo lan t  by t h e  w a l l .  

I n  equat ion  (5-3), A. i s  t h e  area o f  t h e  heat exchanger, A i s  t h e  t o t a l  

i s  t h e  e f f i c i e n c y  o f  t h e  f i n .  The term 
t 

area ( i n c l u d i n g  t h e  f i n  area), and 7 )  

vThc(<) i s  ob ta ined e m p i r i c a l l y  and i s  g iven  below. 

T 
/ A 
\ 

0.8 'The 5 At = 0.776 (A) (5 -4) .  

The o t h e r  cons tan ts  o c c u r r i n g  i n  equat ions (5-1)  through (5-3) a r e :  

= 1800 in. ‘  
0 

A 

CP m 

‘Pwa11 m 

I f  one assumes t h a t  T = 

= 3.6 B t u / I b  O R  

= 0.10 B t u / l b  O R  

T + T  

2 , equat ion  (5-3) can be rep laced by 
ou t  i n  

ave 
equat i o n  (5-5) .  

out  
‘H2 = A. 'The (5) A. (Tw - 2 (5-5) 
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I n  t h e  above equat ions t h e r e  a r e  t h r e e  unknowns ( Q  , Tw, Tout ) and t h r e e  

A t  t h i s  po in t ,  one more s i m p l i f i c a t i o n  was 
H2 

equat ions ( 5 - l ) ,  (5-2), and (5-5). 
in t roduced.  I f  t h e r e  i s  no heat loss t o  t h e  ambient surroundings, eqt ia t ion 
(5-2) i s  equal t o  (5 -5) .  

Or '  

o u t  
2 

i C P  (Tout - T. ) = A. 0.776 
i n  (5-7) 

By d e f i n i n g  a constant  K = (0 '776)  

( Cp) (0. 42)0*8 
one can f u r t h e r  s i m p l i f y  equa- 

t i o n  (5-7)  t o  o b t a i n  equat ion  (5-8). 

Now, T can be obta 
ou t  

o u t  
2 

. 0.8 
n ) = K W  (Tw - 

ned from equat ion  (5-8)  

0.8 
T i n  

- K W  ' 0.8 ' 0.8 
2w Tout i n  T w - K W  Tout 

- 2W T. = 2K W 

+ K O S 8 )  = T. (2; - K i O S 8 )  + 2K O a 8  Tw T (21; 
i n  ou t  

+ .  2K w o.8 Tw 2; - K 1; O n 8 )  

2 W + K W  0.8 T i n  
T = ( .  

2 W + K W  out  (5-9)  

One can c a l l  ( f o r  W = c o n s t a n t )  t h e  c o e f f i c i e n t s  i n  f r o n t  of Tin and Tw, C I  and 
c r e s p e c t i v e l y .  ( c ,  + c2  = I )  

2 

+ C Tw (5- I O )  T out  = C I  Tin 2 

A t a b l e  which g ives  C ,  and C f o r  d i f f e r e n t  f l o w  i s  g iven  i n  a l a t e r  
2 

sect  ion.  

For reference, t h e  o r i g i n a l  equations, computer equations, and s c a l i n g  
f a c t o r s  a r e  shown 
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= Q C  (T - T , )  
p out in 

+ C Tw Tout = ‘I Tin 2 

Variable Estimated Maximum Computer Variable 

QI N 5000 h/5000 

QH2 

in 

out 

T 

T 

i 

5000 

2000 

5000 

I 

QH /5000 
2 

T. /2000 

T /5000 

in 

out 
;I/ I 

Computer Equations . 
n 

d Tw 5000 = MwCpw 5000 -- dT 5000 
QI N VH2 5000 - - - 5000 5000 

or 
,? 

I_ 

d Tw 
dT 5000 

QI N 
5000 5000 - MwCpw -- - - - -  

in 2000 - T out T 
Cp 5000 - - 

5000 I 5000 2000 

in T out T 
5000 2000 

- -  5ooo - w cp - - 0.5 - 
I 1 .  

+ c  - Tw 5000 in 
Out - c ,  2000 - 

2000 2 5000 5000 - - 5000 

I Tw I 
-=o0.4c - + c  
5000 I 2000 2 5000 

- out in 

(5-12) 

(5-13) 

(5-14) 

(5-15) 

(5-16) 

In the above analog simulation diagram, time scaling is not yet introduced; 
any convenient time scale can be used. 
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where tc  = 7 . 8  

i 

= computer t ime 
t C  

t = r e a l  t i m e  

B = t i m e  s c a l e  

A s  s t a t e d  prev ious ly ,  t h e  o b j e c t  o f  t h i s  e x e r c i s e  i s  t o  match t h e  r e s u l t s  
ob ta ined i n  t h e  d i g i t a l  computer s i m u l a t i o n .  Since Steps i n  Q were considered 

f i r s t ,  some a t t e n t i o n  w i l l  be g iven t o  t h a t  aspect  o f  t h e  problem. 
I N  

bIN (Heat I n p u t )  Btu/sec 
Run No. W (Flow Rate) Ibm/sec 

I A  

I B  

I Ca 

ICb 

I cc 

I I A  

I I B  

I I C a  

I I C b  

I I C C  

I I C d  

26 23 

2623 50/210 

2623 125/210 

2623 

26 23 

26 23 

26 23 

26 23 

2623 

26 23 

26 23 

I56/2 I O  

93.75/210 

50/2 IO 

I 25/2 IO 

I 25/2 I O  

I 56 /2 I 0 

93.75/2 IO 

0.420 

0.100 

0.250 

5.2.1.2 A n a l y s i s  f o r  Step Changes i n  Heat I n  ( Q T N )  

0.250 

0.250 

0.462 

0. I I O  

0.275 

0.225 

0.275 

0.275 

The t i m e  cons tan t  o f  t h e  above c losed loop can be ob ta ined by s imple 
a l g e b r a i c  m u l t i p l i c a t i o n  o f  t h e  open-loop gains.  

c2  w c 
I 
7 Mw Cpw 
- =  

o r  

Mw Cpw 
T =  

c 2  wcp 
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A s  i n d i c a t e d  i n  equat ion  (5-18), f o r  a g i ven  W, t w i l l  depend on Mw. -1 
The r e s u l t s  o f  a run a r e  shown below: 

For, = 0.42 lbm/sec 

Q = 2623 Btu/sec 

The f o l l o w i n g  va lues  w i l l  be s e t  on t h e  v a r i o u s  po ts  shown i n  F i g u r e  5.2-13. 

P30 = 0.525 

PO7 = 0.4000 

P35 = 0.1510 

PO5 = 0.2220 

P32 = ?? 

Q02 = 0.1560 

PI I = 0.0200 

Since t h e  normal ized computer equat ions  
a r e  used, t h e  po ten t iometer  s e t t i n g s  a r e  
d imensionless.  

The va lue  o f  P32 i s  y e t  t o  be determined. 

The response o f  t h e  o u t l e t  temperature was known t o  be a f i r s t - o r d e r  
response; there fore ,  t h e  va lue  o f  P32 was ob ta ined  as fo l l ows .  The t o t a l  mass 
( f i n s  and t h e  h o t  s k i n  mass) was g iven t o  be 46.6 lbm. I t  was found t h a t  t h i s  
mass (Mw) 46.6 y i e l d e d  good r e s u l t s .  1 

I n  F igures  5.2-14, i t  i s  seen t h a t  W i s  h e l d  cons tan t  and Q i s  stepped 

t o  a g i ven  va lue  a t  t i m e  0. The graphs ob ta ined  f rom the  d i f f e r e n t  runs and 
t h e  d i g i t a l  computer r e s u l t s  a r e  g i ven  i n  F igures  5.2-15, 5.2-16, and 5.2-17. 

I N  

Before  conc lud ing  t h e  d i scuss ion  o f  t h e  response o f  t h e  system t o  s teps 
i n  6 some i n t e r e s t i n g  observa t ions  should be r e l a t e d .  

I Ny 

Examination o f  t h e  t ime-cons tan t  o f  t h e  system revealed t h a t  t h e  t ime  
constant  does no t  depend on Q and i t s  r e l a t i o n  t o  \;J w i  1 1  be: 

I N ’  

0.96 7 = -  
\;J 

(5-19) 

The l a c k  o f  dependence o f  t h e  t ime  cons tan t  from Q can be seen f rom t h e  

analog computer s i m u l a t i o n  diagram. T h i s  r e l a t i o n s h i p  i s  shown i n  F i g u r e  
I N  

5.2-7. 

Second, t h e  d i g i t a l  computer r e s u l t s  i n d i c a t e  t h a t  t h e  w a l l  temperature 
response has a d i f f e r e n t  t ime  cons tan t  from t h e  coo lan t  o u t l e t  temperature. 
The system descr ibed p r e v i o u s l y  w i l l  y i e l d  t h e  same t ime  cons tan t  f o r  bo th  
temperatures; t h i s  w i  1 1  i n t roduce  inaccurac ies  i n  t h e  w a l l  temperature, a f a c t  

I <  which was d iscussed p r e v i o u s l y .  
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w 

TIME I 

0 

F i g u r e  5.2-14. Representat ion of Step Changes I n  Q 

5.2.1.3 Responses t o  Step Changes i n  Coolant Flow Rate 

The e f f e c t  o f  s tep  changes i n  t h e  f l o w  r a t e  on t h e  system can be expressed 
by : 

+ C2 T 
Tout = ‘I T i n  W 

( 5 - 2 0 )  

2K c =  
* 0.8 

2 i + K W  

I f  i t  i s  assumed t h a t  Tw w i l l  remain cons tan t  f o r  a s h o r t  time, t h e  
immediate e f f e c t  of a s tep  change i n  \j can be c a l c u l a t e d  by d i f f e r e n t i a t i n g  
equat ion  ( 5 - 2 0 )  w i t h  respect t o  i .  

3 

AIRESEARCH MANUFACTURING DIVISION 
Lo5 Anieles California 

68-3589 
Page 45 



0 

8 

AIRESEARCH MANUFACTURING DIVISION 
Los Angeles, California 

68-3589 
Page 46 

Q, 
H 

aJ 
v) 
m 
0 

U 
S 
m 

Q, 
a, 
In 
m u 

In 

I 
N 

In 

a, 
L 
3 
rn 
LI 

- 

.- 



, 
i' 

0 0 0 0 
In 0 
0 

N 0 N 
0 :: 5: s 

(ao) I n 0 1  

AIRESEARCH MANUFACTURING DIVISION 
Los Angeles, California 

0 0 0 

0 5: 

0 u 
H 

.\ 
m 
u 
H 

.-. 
Q, 
H - 
m 
H 

ln 
a, 
ln m u 

9 
I 

c\I 

rT) 

a, 
I 
S 
cn 
LI 

- 

.- 

68-3589 
Page 47 



0 
I-- 

W - 

I-= 
W 
Iv) 

n 
w w  
KI- 
Iv) 

a- 

0 
0 
0 
N 

0 
0 
0 - 

(kl ) lNV1003L 

0 

5: 

n 
u 
W 
m 

2 -  
r w 

I- 

a 

0 

Q 

'u 

3 



, .  

j 
, 

(2-0.8 K h -0.2 ) ( 2  \;l+K G 0*8)-(2+0.8K 6 -0.2) (2G-K (,I O a 8 )  

ATout+ ( 2  + K \;I O m 8 )  2 

. 0.P 
(5-21) -0.2) * 

(w 'Tw + (1.6 K i - O m 2 ) (  2 i + K  i Oa8)-(2+K 0.8 W 
* 0.8 

( 2 h + K W  ) 2  

or 
4\;J+2K \;I 0'8_1.6 K h Oa8-0.8 K W * 0.6 - 4  h+2K w 0.8 = I6  K h 0*8+0-8 K w 0.6 

QT out ( 2 i + K W  0.8 ) 2  

+0.6 - 4  K i 0*8- l .6  K W - 0.6 Tw 
. n n  

,3.2 \j Oo8+1.6 K W 
(2W + K W " '") 2 

or 
0.8 3.2 k O o 8  - 4 K W ( T ~  - T ~ ~ )  AT = out ( 2  \j -!- K \;J O B 8 )  2 

(5-22) 

Equation (5-20) incorporating the effect of the changing W can be expressed as 

+ C Tw +C; (Tw - T.  ) AG (5-23) Tout = 'I Tin 2 in 

* 0.8 ' 3.2 1; O g 8  - 4 K W where C = 
( 2  \j + K \j o * 8 )  2 

From equation (5-20)  Tw can be calculated in terms of T and T . out in 

( 2 i + K h  0.8 ) T o u t - ( 2 k - K i  0.8 ) T i n  
t l A l  - 
L I" - 

( 2  K 1; Oe8) 

(5-24) 

(5-25) 

Substituting equation (5-25) into (5-23) one will get: 

+ T  ) 
0.8 

(Tin out * 0.8 - T . ) + K W  3.2 W ' O a 8 - 4 K W  (Tout in - - 
0.8 

2 K W  ( 2 i + K W  * 0.8 ) 2  

0 * 8 - 4 K W  * 0.8 2 i (Tout-Tin)+K W ' O o 8  (Tin +T out )-Tin 2 K i O**) 
3.2 W - - 

( 2  1; + K 1; Oa8) 2 2 K 1; O a 8  

0.8 
(Tout-Ti n) 2 Ij (Tout-Tin) + K Ij 
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o r  

0.8  (Tout) T. ) ( 2  fi + K i O m 8  
3 .2  $/ O o 8  - 4 K b i n  

( 2  i + K O a 8 )  2 2 K i O a 8  

Then equa t i o n  ( 5 - 2 3 )  w i 1 1 become, 

= C I  Tin + C 2  Tw + C3 (Tout - T. ) A i  ( 5 - 2 6 )  
Tout i n  

where 

3 . 2  b O a 8  - 4 K 

( 2  (/ + K i O o 8 )  2 K 

0.8 
c =  O o 8  ( 5 - 2 7 )  

T h i s  a n a l y s i s  a p p l i e s  f o r  Tw constant, o r  very  s h o r t  t i m e  a f t e r  t h e  s tep  
Equat ion ( 5 - 2 6 )  i n d i c a t e s  t h a t  f o r  a p o s i t i v e  s tep  i n  i ,  i n p u t  i n  f l o w  rate.  

t h e r e  w i l l  be a s tep  decrease i n  Tout immediately. 

5.2 .1 .4  The Lead C i r c u i t  

To accompl ish t h e  d e s i r e d  e f f e c t ,  a t r a n s f e r  f u n c t i o n  f o r  W i s  devided as 
f o l l o w s :  

Wout s + cy 
' in 
- = ( s  + p ) ( @ / a )  ( 5 - 2 8 )  

The analog computer diagram f o r  t h i s  c i r c u i t  i s  shown i n  F i g u r e  5.2-18 .  

For k constant  t h e  i n t e g r a t o r  inpu t  w i l l  be zero, and t h e  lead c i r c u i t  

IN' w i l l  no t  a f f e c t  t h e  r e s u l t s  f o r  changes i n  h. 

For a s t e p  increase o r  (decrease) t h e  f o l l o w i n g  w i  1 1  happened: 

= 0.250 lbm/sec 

h / l O  = 0.0250 lb /sec 

The i n i t i a l  c o n d i t i o n  on t h e  i n t e g r a t o r  00 w i l l  have t o  be f i x e d  t o  have 0.025 
comming o u t  o f  a m p l i f i e r  41 ( A 4 1 ) .  T h i s  can be done s imply  by:  

p/aw - I C  = . w  ( 5 - 3 0 )  

I C  = i ( @ / C Y  - I )  ( 5 - 3 1 )  
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Figure 5.2-18.  Analog Computer Diagram for Lead Circuit 
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- "1 f o r  W = 0.025 and @/CY = 5.95, the  IC then i s  equal  to: 

IC = ( 4 . 9 5 ) ( 0 . 0 2 5 0 )  = 0.1239 

I f  t h e  f l o w  r a t e  i s  now increased by a s tep  o f  I O  percent  a t  t i m e  zero  
t h e  ou tpu t  o f  a m p l i f i e r  41 w i l l  be: 

5.95 ( 0 . 0 2 7 5 )  - 0.1239 = 0.0397 ( 5 - 3 2 )  

Equat ion (5-32) shows t h a t  a t  t ime zero  r a t h e r  than hav ing  t h e  des i red 
va lue  o f  0.0275, as an ou tpu t  o f  A41, one has 0.0397. Then t h e  i n p u t  t o  t h e  
i n t e g r a t o r  w i  1 1  be -I- ( 0 . 0 3 9 7 ) ( @ / 1 0 ) .  The i n t e g r a t o r  w i  1 1  then  s t a r t  t o  i n t e -  
g r a t e  u n t i l  t h e  d e s i r e d  va lue  o f  b i s  reached. The speed o f  i n t e g r a t i o n ,  o f  
course, depepds on B/a, B, and k. 
response o f  W. 

F i g u r e  5.2-19 w i l l  f u r t h e r  e x p l a i n  t h e  

The overshoot i n  F i g u r e  5.2-19 w i l l  depend on CY, 8, and b. Then by 
changing CY and B one would be a b l e  t o  get  a d e s i r e d  "s tep"  i n  T74 and s i n c e  
a f t e r  a s h o r t  t ime t h e  lead c i r c u i t  would s top a f f e c t i n g  t h e  t ime constant,  
t h i s  jump would be f o l l o w e d  by a f i r s t - o r d e r  response. 

For t h e  case f o r  which i s  was changed from 0.42 t o  0.462 lbm/sec, and 

When t h i s  method 
( k  between 0.250 t o  0.275, o r  0.10 t o  

Q,, h e l d  a t  2623 Btu/sec v e r y  good r e s u l t s  were ob ta ined by u s i n g  B/CY = 5.95 

and B = 8.00 .  
was a p p l i e d  t o  d i f f e r e n t  f l o w  r a t e s  
O . l l ) ,  i t  was found t h a t  t h e  e f f e c t i v e  mass would have t o  be changed t o  ge t  
r e s u l t s  s i m i l a r  t o  t h e  d i g i t a l  computer s i m u l a t i o n .  Since changing t h e  e f f e c -  
t i v e  mass o f  t h e  heat exchanger f o r  d i f f e r e n t  f l o w  r a t e s  i s  no t  des i rab le ,  
some o t h e r  methods were sought. 

(See F igures  5.2-20, 5.2-21, and 5 .2 -22 . )  

I 

I f ,  f o r  example, a q u a n t i t y  i s  equal t o  C AW (T - T.  ) i s  sub t rac ted  
3 out  i n  

( o r  added) t o  A06, a s tep  drop i n  o u t l e t  temperature f lowed w i t h  a f i r s t - o r d e r  
system can be expected. 
expected t o  f o l l o w  (0 .96 /W) .  
analyzed, i t  was found t h a t  t was no longer  equal t o  0 . 9 6 / k ,  and t h a t  a c o r r e c t  
response ( o r  matching t h e  r e s u l t s )  w i t h  t h e  d i g i t a l  computer program was no t  
p o s s i b l e  w i t h o u t  changing t h e  e f f e c t i v e  mass. 

The t ime cons tan t  of t h i s  f i r s t - o r d e r  drop would be 
However, when t h e  d i g i t a l  computer r e s u l t s  were 

A s  has been discussed, s i m u l a i i o n  o f  t h e  system response t o  s teps i n  heat 
inpu t  was n o t  t o o  d i f f i c u l t .  
s teps changes i n  c o o l a n t  f l o w  r a t e .  However, d i f f i c u l t i e s  arose when an 
at tempt  was made t o  s i m u l a t e  t h e  system response t o  steps i n  h, when a i s  
between 0.1 and 0 .3  lb/sec.  

For W M 0 .45 ,  t h i s  s i m u l a t i o n  was c a r r i e d  t o  

To f i n d  some answers t o  t h e  above quest ion,  t h e  d i g i t a l  computer r e s u l t s  
a r e  be ing analyzed c a r e f u l l y .  
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The temperature p r o f i l e  f o r  t h e  c o o l a n t  across t h e  heat exchanger has 
been p l o t t e d .  For l a r g e  T, l a r g e  heat inputs,  they  a r e  n o t  s t r a i g h t  l ines ,  
whereas f o r  smal l  T ( s m a l l  changes i n  6 o r  b )  t h e  p r o f i l e s  a r e  s t r a i g h t  l i n e s .  

By d e f i n i n g  T = 

indeed a s t r a i g h t  l i n e .  A l though f o r  t r a n s i e n t  responses o f  t h e  o u t l e t  temp- 
e r a t u r e  f o r  l a r g e  t h e r e  w i  1 1  be some e r r o r  due t o  approx imat ion o f  

mentioned p r o f i l e s  as s t r a i g h t  l ines ,  i t  i s  f e l t  t h a t  t h i s  e r r o r  i s  r e f l e c t e d  
i n  t h e  w a l l  temperature f o r  t h e  cases where 0 i s  changed step-wise. 
f o r  smal l  changes i n  W, t h e  temperature p r o f i l e  i s  indeed a s t r a i g h t  l i n e  ( o r  
very  c l o s e  t o  i t )  t h e  above d e f i n i t i o n  f o r  T 
small  e r r o r s  should be encountered. 

a 
T + T. 

2 
, i t  i s  assumed t h a t  t h e  temperature p r o f i l e  i s  o u t  i n  

ave 

I N  

Since, 

should be t r u e  and very  
H2ave 

A l though no d e f i n i t e  program which w i l l  y i e l d  accura te  r e s u l t s  f o r  
changes bo th  i n  h 
be made. I t  seems t h a t  t h e  main problem i s  t h e  s i m y l a t i o n  o f  t h e  n o n l i n e a r  
response immediately f o l l o w i n g  t h e  s tep  changes i n  W. I t  should be remembered 
t h a t  t h e  curves f o r  the  temperature response, f o r  s tep  changes i n  6, a r e  drawn 
on an enlarged s c a l e  and hence temperature d i f f e r e n c e s  on t h e  o r d e r  o f  I O  t o  
2OoF appear t o  be v e r y  l a r g e  e r r o r s .  From t h e  i n v e s t i g a t i o n  performed so far ,  
i t  i s  f e l t  t h a t  p o i n t - b y - p o i n t  matchup o f  t h e  two d i f f e r e n t  computer r e s u l t s  
i s  impossib le  w i t h o u t  changing t h e  e f f e c t i v e  mass o f  t h e  heat exchanger. There 
a r e  methods a v a i l a b l e  ( u s i n g  C AT An, f o r  example) which w i l l  g i v e  an immediate 

mentioned s tep  drop. Consider ing t h e  magnitude o f  t h e  o u t l e t  coo lan t  tempera- 
t u r e  (on  t h e  o r d e r  o f  llOO°F) t h i s  d i f f e r e n c e  may be acceptable.  

and fi has been achieved yet,  u s e f u l  conc lus ions can s t i l l  I N  

3 
I step and f o l l o w  t h e  curve  from d i g i t a l  s i m u l a t i o n  w i t h i n  2OoF a f t e r  t h e  f o r e -  '"\ 

5.2.2 S t a t i c  Tests  

The s t a t i c  t e s t s  p r o v i d e  s teady-s ta te  va lues o f  pressure and f l o w  f o r  
c o n d i t i o n s  o f  v a r y i n g  v a l v e  areas o r  i n j e c t o r  f low.  The t e s t  c o n d i t i o n s  d i d  
no t  n e c e s s a r i l y  correspond t o  s p e c i f i c  f l i g h t  cond i t ions ,  but  served more as 
a t e s t  o f  t h e  v a l i d i t y  o f  t h e  s i m u l a t o r  than as a p r e d i c t i o n  o f  what w i l l  
happen i n  t h e  a c t u a l  c o o l i n g  system. 

A b l o c k  diagram o f  t h e  s i m u l a t o r  i s  shown i n  F i g u r e  5.2-23. The system i s  
i n i t i a t e d  a t  c o n d i t i o n s  o f  Mach 8, B-B f l i g h t  cond i t ions ,  w i t h  an engine opera t -  
i n g  0 of 1.0. The s i m u l a t i o n  i s  operated i n  a mode t h a t  causes t h e  s i m u l a t o r  
t o  opera te  I O  t imes as f a s t  a s  t h e  a c t u a l  c o o l i n g  system. Any changes i n  t h e  
input  v a r i a b l e s  such as t h e  va lve  areas w i l l  produce immediate s teady-s ta te  
values o f  t h e  pressures and f lows i n  t h e  system. I t  i s  assumed i n  these t e s t s  
t h a t  t h e  heat i n p u t s  ( Q  through Q ) increase and decrease as t h e  f l o w s  

increase and decrease, so t h a t  t h e  heat exchanger temperatures remain f i x e d  a t  
t h e i r  i n i t i a l  values.. 

I 6 

A s imple c o n t r o l  system was inc luded i n  t h e  s imu la t ion ,  t o  s i m u l a t e  t h e  
e f f e c t  o f  t h e  turbopump. T h i s  c o n t r o l l e r  increased o r  decreased turbopump 
d ischarge pressure  ( P  ) t o  keep main f u e l  plenum pressure  ( P  ) constant .  I 9 
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1 
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The s teady-s ta te  r e s u l t s  f o r  changing dump v a l v e  area a r e  shown i n  F igures  
5.2-24 and 5.2-25. The pressures and f lows a r e  i d e n t i f i e d  i n  F i g u r e  5.2-23. 

5.2.3 Freauencv ResDonse Tests  

The purpose o f  these t e s t s  was t h e  a c q u i s i t i o n  o f  f requency response da ta  
which i s  p e r t i n e n t  t o  t h e  temperature c o n t r o l s  and t h e  turbopump c o n t r o l .  The 
dynamics o f  t h e  heat exchanger were n o t  inc luded i n  these t e s t s .  The informa- 
t i o n  p e r t i n e n t  t o  temperature c o n t r o l  i s  t h e  response o f  coo lan t  f l o w  through 
a heat exchanger t o  changes i n  t h e  area o f  t h e  v a l v e  which c o n t r o l s  i t s  c o o l a n t  
f low.  These t e s t s  were conducted w i t h o u t  t h e  turbopump c o n t r o l  system; i.e., 
turbopump d ischarge pressure  ( P  ) i s  kept  a t  a cons tan t  value. This  i m p l i e s  

t h a t  t h e  temperature c o n t r o l  system w i l l  be cons iderab ly  f a s t e r  than t h e  
turbopump c o n t r o l  system. The v a l i d i t y  o f  t h i s  assumption w i l l  be examined 
a f t e r  t h e  turbopump has been s imulated.  

I 

The response o f  t h e  f l o w  through heat exchanger t o  changes i n  t h e  upstream 
v a l v e  area ( v a l v e  I )  i s  shown i n  F i g u r e  5.2-26. There a r e  two t h i n g s  p a r t i c u -  
l a r l y  notewor thy on t h e  graph. F i r s t ,  t h e  phase l a g  o f  t h e  o u t p u t  s i g n a l  ( W , )  

has no t  recorded and second, t h e  s lope o f  t h e  g a i n  f a l l - o f f  i s  about 14.4 l b  p e r  
decade o f  frequency. Both o f  these c h a r a c t e r i s t i c s  depend on t h e  t y p e  o f  non- 
l i n e a r i t i e s  t o  be found i n  t h e  s i m u l a t i o n .  The o n l y  n o n l i n e a r i t i e s  i n  t h e  
system which a f f e c t  f l o w s  and pressures a r e  found i n  t h e  va lves and l i n e s .  The 
equat ion  f o r  f l o w  through a v a l v e  i s :  

W =  c2 PuAvN 

fm- 
where W = f l o w  ( l b / s e c )  

c = v a l v e  constant  ( o r / s e c )  

P = upstream pressure  ( p s i )  

2 

U 

A 

N = t h e  r a t i o  o f  unchoked f l o w  t o  choked f l o w  (as  n o n l i n e a r  f u n c t i o n  

= e f f e c t i v e  v a l v e  area ( i n . L )  
V 

o f  upstream and downstream pressure)  

T = upstream temperature ( O R )  

The equat ion  f o r  f l o w  through a l i n e  i s :  

where P = downstream pressure  ( p s i )  D 
2 

K = l i n e  constant  ( i n .  /sec) 
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The impor tant  t h i n g  about these equat ions i s  t h a t  they  a r e  n o t  d i f f e r e n t i a l  
equat ions.  A change i n  up o r  downstream pressure  w i l l  cause an immediate change 
i n  t h e  f l o w  th rough t h e  va lve.  Therefore,  these n o n l i n e a r i t i e s  do n o t  add any 
phase l a g  t o  t h e  f l o w  s i g n a l s  t h a t  a r e  generated by changing pressures on v a l v e  
areas. Hence, t h e  phase o f  t h e  response s i g n a l s  w i l l  be r e l a t e d  t o  t h e  q a i n  o f  
t h e  response s i g n a l s  e x a c t l y  as t h e y  would be f o r  a comple te ly  l i n e a r  system. 
That i s ,  t h e  phase i s  a lmost zero  f o r  a zero  slope, i t  i s  almost 90' a f t e r  a 
f i r s t  o r d e r  break p o i n t ,  e t c .  

1 

The g a i n  r o l l o f f  o f  a l i n e a r  system, a f t e r  a f i r s t - o r d e r  breakpoint ,  i s  
expected t o  be 20 db per  decade o f  frequency. That t h e  measured g a i n  does no t  
f o l l o w  t h i s  p a t t e r n  i s  due aga in  t o  the  n o n l i n e a r  ga ins o f  t h e  l i n e s  and va lves.  
The gains fo r  these frequency response runs were measured by d r i v i n g  t h e  v a l v e  
areas w i t h  a s i n u s o i d a l  v o l t a g e  about t h e i r  s teady-s ta te  p o s i t i o n s  and measur- 
i n g  t h e  ampl i tude o f  t h e  r e s u l t a n t  o s c i l l a t i o n s  of t h e  f l o w  th rough t h e  heat 
exchanger. The r a t i o  o f  t h e  ampl i tude o f  t h e  o u t p u t  o s c i l l a t i o n  t o  t h e  ampl i -  
tude o f  t h e  i n p u t  o s c i l l a t i o n  i s  t h e  ga in  f o r  t h a t  o p e r a t i n g  p o i n t  and frequency. 
The gains o f  t h e  va lves  and l i n e s  a r e  independent o f  t h e  f requency o f  t h e  
d r i v i n g  s i g n a l ;  they  depend on t h e  o p e r a t i n g  p o i n t .  
o f  a v a l v e  o r  l i n e  increases, t h e  ga in  o f  the  dev ice  decreases. ( F o r  t h e  valves, 
t h i s  i s  o n l y  t r u e  i f  t h e  f l o w  through t h e  v a l v e  i s  unchoked.) A decrease i n  
downstream pressure  w i l l  have a s i m i l a r  e f f e c t .  The response o f  t h e  m a n i f o l d  
pressures t o  changing i n p u t  and ou tpu t  f lows i s  f requency dependent, and w i l l  
decrease as t h e  f requency o f  t h e  f lows increase. T h i s  decrease i n  t h e  s i z e  o f  
t h e  pressure  o s c i l l a t i o n s  causes changes i n  t h e  e f f e c t i v e  gains o f  t h e  va lves  

exchanger I t o  changes i n  t h e  area o f  v a l v e  I ) ,  t h e  decrease i n  t h e  s i z e  o f  
t h e  pressure  o s c i l l a t i o n  i n  m a n i f o l d  w i l l  cause an increase i n  t h e  e f f e c t i v e  
ga in  o f  l i n e  I and an increase i n  t h e  e f f e c t i v e  g a i n  o f  t h e  va lve.  T h i s  e f f e c t  
would be nonex is ten t  i f  i n f i n i t e s i m a l  d r i v i n g  s i g n a l s  were used, and i n f i n i t e s i m a l  
ou tpu t  o s c i l l a t i o n s  were measured. The f a c t  t h a t  t h e  ga in  f a l l  o f f  has a s lope 
o f  14.4 db p e r  decade i s  not, then, r e l e v a n t  t o  t h e  study, since, t h e  p a r t i c u -  
l a r  s lope which occurs w i l l  depend on b o t h  t h e  o p e r a t i n g  p o i n t  and t h e  ampl i -  
tude o f  t h e  i n p u t  s i g n a l .  I t s  o n l y  re levance l i e s  i n  t h e  face  t h a t  i t  , i d i c a t e s  
t h e  presence o f  a f i r s t  o r d e r  b reakpo in t  i n  t h e  response a t  about 1.3 cps. 
T h i s  i m p l i e s  t h a t  t h e  response has a t i m e  constant  o f  about 0.123 seconds. 

A s  t h e  upstream pressure  

> and l i n e s .  I n  t h e  case o f  F i g u r e  5.2-26 ( t h e  response o f  f l o w  th rough heat 
j 

The g a i n  f i g u r e s  shown a r e  t h e  ga ins  f o r  t h e  analog s i g n a l s  r a t h e r  than 
t h e  a c t u a l  system gains.  To r e l a t e  these gains t o  a c t u a l  gains, t h e  s c a l i n g  
o f  t h e  s i m u l a t o r  must be taken i n t o  account. For instance, 

I 

vma x 
.- dW2 dW2 I dW2 

dA V dA V 

- - -  - - = -  
A $C A vma x A 

vma x 
A 

Since t h e  maximum v a l v e  area f o r  v a l v e  I i s  0.07 in., t h e  a c t u a l  system 
ga in  can be computed from t h e  graphed g a i n  by adding:  
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( w 2 )  ( w 2 )  I + 20 log(-) 20 l o g  - 20 l o g  - = 0.07 A 
V V 

A 

( w 2 )  

A v  I .le 

+ 23.1 db w2 20 l o g  - = 20 l o g  - A 35 
V 

The s teady-s ta te  g a i n  i s  t h e r e f o r e  about 16.3 dec ibe ls .  

I f  t h e  turbopump was c o n t r o l l e d  t o  m a i n t a i n  a constant  p ressure  i n  t h e  
main f u e l  plenum, t h e  response data which would be most p e r t i n e n t  t o  t h e  
d e t e r m i n a t i o n  o f  t h e  s t a b i l i t y  o f  t h e  c o n t r o l  would be the  response o f  main 
f u e l  plenum pressure  t o  changes i n  turbopump d ischarge pressure.  T h i s  data 
i s  shown i n  F i g u r e  5.2-27 .  I n  t h i s  case, b o t h  pressures have t h e  same s c a l i n g  
so t h e  g a i n  f i g u r e s  a r e  those which would be expected from t h e  a c t u a l  system. 
T h i s  data i s  u n r e a l i s t i c  i n  t h e  sense t h a t  t h e  va lves  a l l  had f i x e d  p o s i t i o n s  
w h i l e  t h i s  data was taken. The i n f l u e n c e  o f  t h e  temperature c o n t r o l s  w i l l  
n e c e s s a r i l y  have t o  be taken i n t o  account i n  de termin ing  t h e  system response 
which a p p l i e s  t o  t h e  turbopump c o n t r o l .  

A l l  f requency response data were ob ta ined through t h e  use of p e r i p h e r a l  
analog c i r c u i t r y ,  which i s  descr ibed i n  Appendix B. The v a l i d i t y  o f  t h e  
r e s u l t s  o f  t h i s  c i r c u i t r y  has been checked w i t h  hand c a l c u l a t i o n s ,  and s t r i p  
c h a r t  record ings  o f  a l l  runs were taken. 

> 5 . 2 . 4  Closed-Loop Tests  

These t e s t s  were undertaken t o  determine rough des ign data fo r  the  des ign 
o f  t h e  breadboard temperature c o n t r o l  c i r c u i t s .  A s  such, t h e  r e s u l t s  o f  these 
s t u d i e s  should be numbers f o r  t h e  gains o f  each o f  t h e  temperature c o n t r o l  
loops, t y p e  o f  compensation f o r  t h e  c o n t r o l s ,  and t h e  expected va lues o f  t h e  
compensation elements. To o b t a i n  t h i s  in format ion,  severa l  assumptions were 
made. Since no adequate model o f  t h e  turbopump was a v a i l a b l e ,  i t  was assumed 
t h a t  t h e  temperature c o n t r o l s  would be f a s t e r  than t h e  turbopump c o n t r o l  and, 
there fore ,  t h e  turbopump d ischarge pressure  was h e l d  a t  a cons tan t  value. To 
f u r t h e r  simp1 i f y  t h e  study, i n t e r a c t i o n  between t h e  temperature c o n t r o l s  was 
neglected;  t h a t  is, a l l  o f  t h e  o t h e r  v a l v e  areas were kept  a t  a cons tan t  value. 
The s tudy was conducted a t  Mach 8 ,  B-B f l i g h t  condi t ions,  w i t h  an engine qj of  
1.0. The response used as a s tandard was t h e  response t o  a IO-percent s tep  
increase i n  heat  i n p u t  t o  t h e  heat exchanger. The s i z e  o f  t h e  s tep  i s  
a r b i t r a r y  and was chosen on t h e  bas is  o f  i t  n o t  lead ing  t o  a m p l i f i e r  over-  
l o a d i n g  problems. The innerbody f l o w  r o u t e  was chosen f o r  t h e  study. T h i s  
cho ice  was based on t h e  a v a i l a b i l i t y  o f  an accura te  heat exchanger model f o r  
t h i s  f l o w  route.  

The present  system proved t o  be much more c o n t r o l l a b l e  than t h e  one s t u d i e d  
i n  t h e  " I n t e r i m  Heat Exchanger Study." Th is  s tudy i s  descr ibed i n  t h e  second 
and t h i r d  Technica l  Data Reports. The reasons f o r  t h i s  l i e  i n  t h e  f a s t e r  
temperature sensing which i s  now a v a i l a b l e  and t h e  f a s t e r  response o f  t h e  f l o w  
c o n t r o l  va lves.  

' 1  
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T h e  r e s u l t  of the s t u d y  has been t h e  development of a v e r s a t i l e  d ig i ta l  
compensator which would provide s a t i s f a c t o r y  system s t a b i l i t y  for open-loop 
g a i n s  a s  h i g h  a s  90. T h e  IO-percent s tep  i n  heat i n p u t  t o  the system would 
i f  uncontrolled, cause a coolant temperature r i s e  of about 150'R. The temp- 
e ra ture  control is ab le  t o  l i m i t  the coolant temperature r i s e  t o  about 12'R 
(worst case) and a t  best t o  about 2'R i n  steady s t a t e ,  w i t h  about 2'R o f  
overshoot. The s e t t l i n g  time is on t h e  order of I sec. 

." "i 

5.2.4. I Temperature Control System Description 

A schematic of a typical temperature control is shown i n  Figure 5.2-28. 
Each temperature control wi 1 1  receive a number of biased temperature s ignals  
from which i t  w i l l  s e l e c t  the highest. This signal w i l l  be used t o  control 
the corresponding flow control valve. 

The function of the s e l e c t  highest device necessi ta tes  inclusion of a 
time delay i n  the system. I f  e ight  temperature s ignals  a re  t o  be sampled 
and i f  the fourth signal i s  the highest, the s e l e c t  highest device w i l l  have 
to  t e s t  the remaining four s i g n a l s  before determining that  the fourth signal 
i s  the highest. The highest signal i s  i n  t h i s  case, subjected t o  a delay of 
about one h a l f  of the sampling period; t h a t  is, i f  a l l  s ignals  are  sampled 
every T seconds, the fourth signal w i l l  be delayed by T / 2  seconds. The longest 
delay would occur i f  the f i  r s t  signal was the highest i n  which case the delay 
would be almost the f u l l  T seconds (depending on the r i s e  time of the sampling 
ci rcui t r y ) .  

I 

A schematic of the simulated innerbody flow route and temperature control 
i s  shown i n  Figure 5.2-29. Biasing of the temperature signal w i l l ,  i n  the 
hardware system, take place i n  the cold junction compensators. The s e l e c t  
highest c i r c u i t r y  and the sample and hold are  simulated by two t rack and 
s t o r e  amplifiers i n  se r ies .  A computer-supplied timer controls these amplifiers.  
The timer emits a pulse every 1/10 sec. Since the simulator model is  slowed 
down by a factor  of 100, the clock emits the equivalent of 1000 p p s .  T h e  delay 
feature  of the s e l e c t  highest device i s  implemented by h a v i n g  t h e  second track 
and s t o r e  go into t rack mode f i r s t ,  for  one timer pulse, and  then go into 
s t o r e  while the f i r s t  t rack s tore  amplifier goes in to  t rack mode f o r  one 
count. The t and s amplifiers have bandwidths of a t  l eas t  250 kH i n  t rack 
mode, so t h a t  one timer pulse is e a s i l y  long enough for  them t o  follow the 
i n p u t  signal under any  conceivable conditions. After the t and s amplifiers 
have tracked, the timer counts t o  a predetermined number and then s t a r t s  the 
cycle over again. Figure 5.2-30 shows a t e s t  run f o r  the track a n d  s t o r e  
devices. The to ta l  timer count is  100, which corresponds t o  sampling once 
every IO sec, or, i n  real time, I O  times a second. The large r i s e  time and 
overshoot of the s teps  i s  due t o  the re la t ive ly  poor response of the X-Y  
plo t te r .  Comparison of the i n p u t  a n d  output graphs shows tha t  the value held 
by tank and s tore  amplifier No. 2 i s  the i n p u t  delayed by almost exactly I O  
sec. Figure 5.2-31 shows the performance of the two t rack a n d  s t o r e  amplifiers 
for  a to ta l  count of I O .  This implies sampling every second, or,  i n  real 
time, 100 times a second. Under these circumstrances, the time which the 
computer spends w i t h  one or  the other of the t rack and s tore  amplifiers i n  
t rack mode is no longer negligible.  A comparison of i n p u t  and output shows 

i 
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, -1 t h a t  the output is  now delayed by only 0 . 8  sec ( 0 . 0 8  sec real time). The 
inaccuracy is  acceptable a t  present. 

The valve dynamics are  again characterized by a s ing le  time constant, 
of 0 .08  sec. This implies a bandwidth of about 2 cps. The valve pneumatic 
resonance is  not included i n  the valve dynamics. Although the frequtllcy of 
t h i s  resonance has not been calculated,  i t  i s  excpected t o  be on the order 
of 100 cps or  more, and would have a minor e f f e c t  on the valve response. 

5.2 .4 .2  Performance of the Uncompensated Temperature Control 

The uncompensated system was subjected t o  a number of t e s t s  t o  demonstrate 
i t s  response f o r  varying g a i n s  and sampling frequency. One t e s t  was t o  deter-  
m i n e  the gain required for  marginal s t a b i l i t y  as sampling frequency was varied. 
Test data is  shown i n  Figure 5.2-32. A l l  of the runs a r e  parameterized by t h e  
control gain, which was set by potentiometer QOS. T h i s  pot s e t t i n g  can be  
transformed roughly into open-loop gain by m u l t i p l y i n g  by 80. 

The s t a b i l i t y  c r i t e r i o n  which was used i n  developing t h i s  data was 
establ ished t o  cope w i t h  the nonlinear gains. Due t o  these g a i n s  ( i n  the 
valves and 1 ines) ,  i t  is  d i f f i c u l t  for  the system t o  produce osci 1 l a t ions  
which grow without bound, s ince increases i n  the pressure excursions cause a 
decrease i n  e f fec t ive  gains of the l ines  and valves. A s  a resu l t ,  t h e  system 
wi 1 1  go i nto 1 i m i  t cycles of increasing amp1 i tude as the control g a i n  i s 
i ncreased. 

Figure 5.2-33 shows w h a t  m i g h t  be considered "good" responses for  various 
sampling rates.  For each case, the gain i s  adjusted u n t i l  reasonable resu l t s  
a re  obtained. The gains and sampling rates  for  each response a re :  

Sampl i ng Rate Gain 
Response ( sampl es/sec) Q09 Pot Set t ing 

A IO0 0.3 

B 80 0 . 2  

C 60 0 . 2  

D 40 0 . 2  

E 20 0 .  I 

F 20 0 .15  

A t  the present time, a sampling ra te  of 40 samples/sec has been chosen 
because i t produces reasonable resu l t s ,  and  i s  compatible w i t h  present ci rcui t 
designs. A sampling r a t e  of 40 samples/sec and a gain on QOS of 0 . 4  a r e  used 
for  design of the compensation. Figure 5.2-32 indicates tha t  t h i s  w i l l  be 
an unstable condition f o r  the uncompensated system. System response is  shown 
i n  Figure 5.2-34. The response t o  a pos i t ive  s tep  i n  heat i n p u t  i s  reasonably 
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s t a b l e ;  removal of the s tep  produces an unstable response due to  the gain 
reduction which occurs w i t h  higher pressure levels .  j 

5.2.3.3 Continuous Data Compensation 

Both sampled data continuous data compensators were tes ted  i n  the control .  
A1 1 compensators tes ted could be realized w i t h  r e l a t ive ly  simple R-C network 
conf i gurat i ons. 

The f i r s t  compensation t r i e d  was a continuous data lead network, which 
h a d  a t r ans fe r  function o f :  

where E .  = i n p u t  voltage 
I 

E = output voltage 
0 

S = Lap 

Experimentation 

a =  8 

@ = 8  

ace operator 

led to  the ' 'best' ' values of 

( rad/se c) 

( rad/s ec) 

Figure 5.2-35 shows the response of temperature, valve area, flow through 
the valve, the t rack a n d  s tore ,  and the compensation output t o  IO-percent 
s teps  i n  heat flow rate .  The e f f e c t  of the lead c i r c u i t  i s  s t i l l  go give 
valve area a f l lead ' l  over the output of the t rack and s tore .  This simple lead 
ci rcui t can s tabi  1 i ze  the system response for  g a i n s  of Q09 = 0.4.  

A second-order lead c i r c u i t  was then tes ted.  I t s  t r ans fe r  func t io i  was: 

zo (sta) ( s t y )  gs 
E i  (S t$> ( S t 6 )  ON 0 - -  - 

The values of a a n d  $ were s e t  a t  8 and 80, and then values of y and 6 were 
determined experimental 1y. The values chosen were: 

y = 20 (rad/sec)  

6 = 40 ( rad/sec)  

In t e s t ing  t h i s  c i r c u i t ,  i t  was impossible to  use a larger  lead r a t i o  ( 6 / y )  
t h a n  2 because several of the amplif iers  would overload whenever 2 was exceeded. 
Figure 5.2-36 shows the system response for  t h i s  case. The performance for  
the removal of the s tep  i n  heat flow can be seen to  be considerably improved. 
In a l l  of these runs, i t  seems t h a t  valve flow, W "leads" valve area.  T h i s  9' 
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i s ,  i n  f a c t ,  t he  case, and t h i s  r e l a t i o n s h i p  has been e s t a b l i s h e d  d u r i n g  t h e  
frequency response runs a l though n o t  p r e v i o u s l y  discussed. A l l  of t he  compen- 
s a t i o n  c i  r c u i  t s  a r e  shown i n  F igu re  5.2-37. 

+) 

5.2 .4 .4  D i g i t a l  Compensation 

D i g i t a l  compensation i s  d i s t i n c t  f rom cont inuous compensation i n  t h a t  i t s  
o u t p u t  changes o n l y  a t  t h e  sampling i n s t a n t s .  There are  two ways t h a t  R-C 
networks can be used t o  produce d i g i t a l  compensation: t hey  are  shown i n  
F igu re  5.2-38.  

SAMPLE SAMPLE 
AND HOLD AND HOLD 

SAMPLE 
AND HOLD 

F igu re  5.2-38. D i g i t a l  Compensation Techniques 

Method ( B )  was chosen, due t o  i t s  sav ings o f  one sample and h o l d  c i r c u i t ,  and 
due a l s o  t o  the  r e l a t i v e  ease w i t h  which the  Laplace t rans fo rm o f  t h e  R-C ne t -  
work can be d e r i v e d  f rom the  Z- t rans form o f  t he  compensator. 

Exper ience i n  the  " I n t e r i m  Heat Exchanger Study" has shown t h a t  i f  r a t e  
compensation would improve the  performance o f  t h e  l i n e a r  system, a d i g i t a l l y  
implemented r a t e  compensation would improve t h e  performance o f  t h e  sampled 
data system. Since r a t e  compensation cannot be r e a l i z e d  by method ( B ) ,  i t  
was dec ided t h a t  t h e  f i r s t  d i g i t a l  compensator would be t h e  d i g i t a l  e q u i v a l e n t  . .  
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o f  the  f i r s t - o r d e r  l e a d  c i r c u i t .  
t r a n s f e r  f u n c t i o n :  

The lead  c i r c u i t  had t h e  f o l l o w i n g  Laplace 

&Eo + a$Eo = $sEi + a$Ei (5-33) 

SE. - 
i + E  I - -  0 

SE 

B + E o -  a 

Since t h e  Laplace o p e r a t o r  "S" i m p l i e s  d i f f e r e n t i a t i o n  w i t h  respec t  t o  time, 
equa t ion  (5-33) i s  e q u i v a l e n t  t o :  

E. 
0 I 

i 
- + E  = - + E  B o a  i 

(5-34) 

I f  ,6 i s  made i n f i n i t e l y  large, t h i s  w i l l  be e q u i v a l e n t  t o  r a t e  compensation. 
A decrease i n  CY corresponds t o  an inc rease i n  r a t e  feedback. 

A d i  g i  t a l  l y  c a l c u l a t e d  r a t e  s i g n a l  would be 

E( t) - E ( t  - T) 
T i +  ( 5-35) 

where t = present  t ime  

T = sampling p e r i o d  

Since t h e  o p e r a t o r  Z - I  i m p l i e s  a t ime  de lay  o f  one sampling per iod,  t h e  
Z- t rans form o f  a d i g i t a l l y  implemented r a t e  s i g n a l  would be: 

I E(7) ( I  - z- 
I E ( Z )  - Z' E ( Z )  - 

T - T  i - +  (5-36) 

P u t t i n g  t h i s  i n f o r m a t i o n  i n t o  equa t ion  (5-34), t he  Z - t r a n s f e r  f u n c t i o n  o f  a 
d i g i t a l l y  implemented lead  c i  r c u i  t i s  found: 

I 

E 0 ( I  + '- ) =  E i ( l  + 
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I - z - I  

I - z - '  - 

i3-i 

I +  
- QT - 0 

E 
- -  

Ei I + 
e 
CY 

I n  t h e  Z-plane, t h i s  compensator w i  1 1  have a zero  and a pole, whose 
l o c a t i o n s  a re :  

I 
zero  a t  I + CYT 

I 
I + pT p o l e  a t  

As a gets  smal ler ,  which i s  e q u i v a l e n t  t o  i n c r e a s i n g  the  r a t e  s igna l ,  t h e  
l o c a t i o n  o f  t h e  Z-plane zero  tends toward I .O. As i s  increased, the  Z-plane 
p o l e  moves toward the  o r i g i n ;  t h i s  corresponds t o  making t h e  l e a d  compensator 
more 1 i ke pure  r a t e  compensation. 

The computations and programs which were used t o  implement the  d i g i t a l  
compensation are  presented  i n  Appendix C. T h i s  compensation c o u l d  be r e a l i z e d  
by u s i n g  an R - C  c i r c u i t  whose t r a n s f e r  f u n c t i o n  was 

KS 
I Ei s + -  RC 

- 0 
E 
- -  

Th is  c i r c u i t  was p u t  i n  t h e  feedback loop o f  t he  t r a c k  and s t o r e  a m p l i t i e r ,  
us ing  p o s i t i v e  feedback. A d i g i t a l  computer program was w r i t t e n  t o  r e l a t e  K 
and I/RC t o  CY and p. The va lues which produced t h e  bes t  response were: 

CY = 9.0  

$ = 360.0 

K = 0.7959 

I / R C  = 8.117 

40 -- - -- 0 . 8  I 
I + aT 49 - 

-- - 0 .  I I 
I + @ T  

NOTE: Since t h e  sampling r a t e  i s  40 samples p e r  second, T i s  1 /40  o f  a 
second 
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The va lue  o f  CY i s  v e r y  s i m i l a r  t o  the  va lue  o f  cy chosen f o r  t h e  cont inuous 
lead  compensation. System response i s  shown i n  F igu re  5.2-39. Th is  response 
i s  comparable t o  t h a t  which was achieved w i t h  t h e  cont inuous f i r s t - o r d e r  
compen s a t o  r. 

The des ign o f  a second-order d i g i t a l  compensator s t a r t e d  w i t h  a Z - t r a n s f e r  
f u n c t i o n :  

0 ( z  - a ) ( z  - Y) I - 8 ) (  I - 6) E 

E i  - ( Z  - B ) ( Z  - 6 )  { I  - Q')(I - y >  
- _  

Where t h e  f i r s t - o r d e r  compensation had one Z-plane zero  and one pole, t h i s  has 
two zeros and two po les .  Also, t h i s  compensation admits t h e  p o s s i b i l i t y  o f  
l o c a t i n g  the  po les  on t h e  nega t i ve  r e a l  a x i s  o f  t h e  Z-plane. The cons tan t  
term i s  i n c l u d e d  t o  ensure t h a t  t he  s teady -s ta te  g a i n  o f  t he  dev ice  i s  one. 
The r e s u l t i n g  t r a n s f e r  f u n c t i o n  o f  t he  feedback dev ice  was: 

The exper imenta l  approach was t o  f i x  CY and @ a t  the  va lues which were 
e s t a b l i s h e d  i n  t h e  t e s t i n g  o f  t h e  f i r s t  o r d e r  c i r c u i t  (0.8 and 0.1, respec- 
t i v e l y ) ,  and f i n d  t h e  b e s t  l o c a t i o n  f o r  y and 6.  The l o c a t i o n s  o f  y and 6 
were then f i xed ,  and CY and 8 were moved f rom t h e i r  o r i g i n a l  l oca t i ons ,  t o  f i n d  
t h e i r  new bes t  l o c a t i o n s .  T h i s  process would p o s s i b l y  have p r o f i t e d  f rom 
f u r t h e r  i t e r a t i o n s ,  b u t  t h e  t ime  r e q u i r e d  f o r  t h e  i t e r a t i o n s  was p r o h i b i t i v e .  
The f i n a l  va lues  were 

CY = 0.7 

6 = -0.8 

K = 0.9583 

D = 28.4 

E = 16.89 

F = 14.11 

System response i s  shown i n  F igu re  5.2-40. The temperature responses a re  
shown i n  F igures  5.2-41 th rough 5.2-44. A summary o f  t he  performance charac- 
t e r i s t i c s  f o r  a g a i n  o f  Q09 = 0.4 and a IO-percent s tep  r e d u c t i o n  i n  hea t  f l o w  
i s  shown i n  F igu re  5.2-45. A l l  systems had the  same r i s e  time, 0. I sec. The 
response o f  t he  d i g i t a l  l y  compensated system f o r  v a r y i n g  va lues o f  t h e  g a i n  
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I590 

I58C 

I57C 
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I 2 

w 
3 4 

TIME (SEC) 

V R C  = 8.117 
I < =  I 0.7959 

P / C Y  = 40 ( CY = 9 . 0 )  
I 

FIRST ORDER D I G  
C OM PEN SAT I ON 

F i g u r e  5.2-42.  Run 204 
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0 
0 1 2 3 4 5 6 7 8 

OVERSHOOT ( R )  
s-407 12 

F i g u r e  5.2-45. Summary o f  Performance 

po ten t i omete r  Q09, are  shown i n  F igures  5.2-46 th rough 5.2-48. The system 
becomes m a r g i n a l l y  s t a b l e  f o r  a g a i n  o f  1 . 1 ,  w i t h  a f requency o f  about 4 .2  Hz. 
The use o f  compensation i n  t h i s  case has inc reased the  g a i n  f o r  marg ina l  
s t a b i l i t y  by a f a c t o r  o f  3 .  

5 .2 .3 .5  Design I n f o r m a t i o n  

The des ign i n f o r m a t i o n  which was sought concerned the  gains o f  t h e  
va r ious  temperature con t ro l s ,  t h e  compensation t o  be used, and t h e  va lues o f  
the c o n t r o l  temperatures. Assumptions made were: ( I )  t h a t  t h e  system w i l l  be 
capable o f  pe r fo rm ing  w i t h  ga ins  as h i g h  as i m p l i e d  by  hav ing  po ten t i omete r  
Q09 equal t o  I .  I ( o r  an open-loop g a i n  o f  about 9 0 )  ; ( 2 )  t h a t  t h e  d i g i t a l  
compensation c o n f i g u r a t i o n  would be t h e  same as i n  t h e  s i m u l a t o r ;  and ( 3 )  t h a t  
t he  minimum va lve  area w i l l  be 0.05  sq i n .  

C a l c u l a t i o n s  c e n t r a l  t o  t h e  de te rm ina t ion  o f  c o n t r o l  g a i n  and c o n t r o l  
temperature were ( I )  de te rm ina t ion  o f  the  open-loop ga in  which corresponds t o  
a g iven va lue  o f  po ten t i omete r  Q09, and ( 2 )  an es t ima te  o f  how much t h e  ga in  
o f  t he  system can be expected t o  vary.  

A rough schematic o f  the  system i s  shown i n  F igu re  5.2-49. The ga in  o f  
t he  v a l v e  d r i v e r  i s  equal t o  one i n  t h e  s imu la t i on .  The o p e n - l i p  g a i n  i s  

K = K K  1 2  
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COOLING SYSTEM: 
K3 

HEAT EXCHANGERS, 

TEMPERATURE 

KI COOLANT K2 
TEMPERATURE 

CONTROL OUTPUT 

S-40740 

F i g u r e  5.2-49. System Schematic 
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'\ 
i K2 may be c a l c u l a t e d  from knowledge o f  t he  va lue  o f  po ten t i omete r  Q09. 

The va lue  o f  t he  sca led  gain, K2+k, i s  g iven  by  

Av4 ) 
aAv't a(AvMax 

T9 a (-1 
T~~~ 

Q09 x 100 = 7 = 
K2*k = aT9 

TMax . -  a Av4 TMax 

AVMax K2 AVMax 
K ; C = - e - =  a r  

2 
= 0.1 i n .  

= 2000'R 

AVMax AVMax 

TMax TMax 

K2 = Q09xIOOx - 

A s t a t i c  t e s t  o f  t h e  system was made t o  determine K I .  Only  t h e  area o f  

va l ve  4 was changed, and s teady-s ta te  temperature were recorded. Th is  graph 
i s  shown i n  F igu re  5.2-50. 

4 2 
1.65 x I O  OR/in. . C a l c u l a t i n g  the  open-loop gain, 

From it, t h e  va lue  o f  KI  i s  shown t o  be about 

K = K,K2 = 1.65 x Q09 X 5 X 10 = 82.5 QO9 

The l a r g e s t  va lue  o f  s teady -s ta te  g a i n  w i l l  be 

Q09 = I .  I 

= I .  I x 82.5 = 90.75 
Kmax 

A s i m p l i f i e d  model o f  t h e  system i s  cons t ruc ted  t o  es t ima te  t h e  amouns o f  
v a r i a t i o n  which w i  1 1  occur  i n  t h e  system gain, KI ( F i g u r e  5.2-51). 

t h e  c a l c u l a t i o n s ,  P and P a re  assumed t o  be constant .  The equat ions  which 

desc r i  be the  dev ice  are:  

To s i m p l i f y  

I 9 

W =  

where W = f ow, l b / sec  

P = upstream pressure, p s i  

Av = va l ve  area, i n .  

N = f u n c t i o n  

T = upstream temperature, O R  

2 I 

I 
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"? L i n e  

p9 
\;J = KJP,2 - 

Heat exchanger 

where K = 1 i n e  cons tan t  ( in .  2/1b) 

AT = temperature r i s e  ( O R )  

Q = heat flow i n p u t  (Btu/sec) 

C = s p e c i f i c  
P 

= 3.6 Btu/lb-OR 

The va lue  o f  K I f o r  t h i s  system may be found from: 

af9 
- ap7 aw K l = -  aAv4 - 

aa - .  - aT9 

Equat ing f l o w  th rough t h e  v a l v e  and f l o w  th rough the l i ne ,  

68-3589 
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,- .  

The o t h e r  p a r t i a l  d e r i v a t i v e s  are :  

The s t e a d y - s t a t e  g a i n  i s :  

- - AT - 

For o u r  case, 

PI = I100 p s i  

= 946 p s i  
p7 

P9 = 500 p s i  
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Q4 = 2240 Btu/sec 

Av4 = 0.036 i n ,  2 

N = 0.732 

AT = 1477 O R  

The calculated value i s :  

2 K I  = 1.46 x IO4 OR/in, 

The difference between the calculated value and the empirical value is due to 
the constant pressure assumption for P 

I 
and P9 in the simplified model. The 

equation for KI  can be put in the form: 

- AT K = -  
I Av D 

where the value o f  D can be near I, for low flows, or as high as 5, for high 
flows. In the gain calculations, a value of D of 2.0 was used, although the 
validity of this number cannot be established. 
mum value area are: 

The Val ue of AT and the mini- 

ATmax = 1500 

= 0.05 AVmi n 
4 O R  

i n. 
- -1.5 x IO - 2 

- I500 _ - - -  
I max 0. I K 

The open-loop gain of the actual system will be 

K = KI  K2K3 

I f  the maximum allowable value of K is 90, then the maximum allowable value 
of K2K3 is given by: 
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) I '  Since t h e  maximum va lue  o f  K 

the  g a i n  o f  t he  temperature c o n t r o l ,  i s  f i xed .  

i s  known t o  be about 1.5 - i n. , the  va lue  o f  K 
3 amp 

2 2 in .  amp 

i n .  O R 2  K =  2 I . 5  

= 4 M A / O R  

T h i s  g a i n  i s  expected t o  be accura te  t o  w i t h i n  a f a c t o r  o f  4. 

The lowest  expected open-loop g a i n  can now be estimated, s i n c e  t h e  
3 

rtaximum va lue  area i s  known t o  be 0.37 in .  . 
OR 

= 2.40 - . 2  
I n. 

- I500 - 
K lm in  0.37 x 2 

= 2140 x 6 x = 12.84 
Kmi n 

I f  the  temperature r i s e  across a heat  exchanger i s  1500'R, then t h e  s t a n d o f f  
e r r o r  i n  t h e  temperature 

AT - -  - 
e r r o r  I + K T 

The c o n t r o l  temperature, 

c o n t r o l  w i  1 1  be: 

- - -  - I5O0 - 109'R 
max e r r o r  1.384 = T 

which i s  used t o  produce an e r r o r  i n  t h e  temperature 
con t ro l ,  must be about IOO'R l ess  than t h e  maximum a l l owab le  temperature o f  
1600'R, o r  about 1500'. 
IO percent .  

T h i s  f i g u r e  i s  expected t o  be accura te  t o  w i t h i n  

I n  a d d i t i o n  t o  p roduc ing  design in fo rmat ion ,  t h i s  s tudy a l s o  i l l u s t r a t e s  
the  ex t remely  l a r g e  g a i n  v a r i a t i o n s  t h a t  occur. W i th  a c o n t r o l  tempei ' ture o f  
I500'R and an open-loop g a i n  o f  90, t h e  system s teady -s ta te  e r r o r  w i  1 1  be 
about 15', and the  temperature w i  1 1  t h e r e f o r e  be c o n t r o l  l e d  t o  about 1515'R 
r a t h e r  than t o  t h e  des i red  1600'R. Subsequent o v e r c o o l i n g  w i l l  cause a c e r t a i n  
amount o f  f u e l  waste. S ince t h e  c o n t r o l  temperature i s  based on the  minimum 
open-loop gain, t h i s  g a i n  shou ld  be as h i g h  as poss ib le .  

Thi s c h a r a c t e r i  s t i  c imp1 i es t h a t  t h e  temperature c o n t r o l  shou ld  be 
opera ted  w i t h  the  h i g h e s t  p r a c t i c a l  open-loop ga ins  t o  p e r m i t  a l a r g e  minimum 
open-loop gain. Cond i t ions  such as low f l ow  and smal l  v a l v e  areas vs h i g h  
f l o w  and l a r g e  va l ve  areas are  t h e  u n d e r l y i n g  causes o f  t h e  l a r g e  g a i n  spread. 
These c o n d i t i o n s  determi ne the  worst-case droop as i n d i c a t e d  above. 
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6.0 DESIGN EFFORT 

6. I DIGITAL COMPUTER 

The computer i s  now in-house and i s  be ing  used by engineers and programmers. 
D e t a i l e d  programming cont inues  as planned i n  the  prev ious  r e p o r t .  General charac- 
t e r i s t i c s  and processor  o p e r a t i o n  a r e  d e t a i l e d  i n  Appendix D, t o  a i d  i n  compre- 
hension o f  t h e  computer o p e r a t i o n  and engine c o n t r o l  programs. 

6. I .  I Computer Opera t ion  

The computer and ground suppor t  equipment were d e l i v e r e d  t o  AiResearch 
on January 31, 1968. The equipment opera ted  p r o p e r l y  except f o r  a n i x i e  tube 
i n  t h e  d i s p l a y  r e g i s t e r  and an i n t e r m i t t e n t  f l a t  pack assoc ia ted  w i t h  the  con- 
t r o l  l o g i c  f o r  t he  t e l e t y p e w r i t e r ;  bo th  i tems are  i n  the  computer c o n t r o l  
console. A f t e r  t h e  d e f e c t i v e  p a r t s  were replaced, t h e  acceptance t e s t  conducted 
a t  t he  manufac turer ' s  f a c i l i t y  was repeated f o r  bo th  the  computer and the  
ground c o n t r o l  equipment a t  room ambient on ly .  

An hour-meter was permanently i n s t a l l e d  on t h e  computer c o n t r o l  console 
t o  record  t h e  t ime t h a t  power i s  a p p l i e d  t o  the  computer c o n t r o l  console. To 
date, 134 h r  has been logged f o r  t h e  hardware system. The system has been 
used by  engineers and programmers becomi ng fami 1 i a r  w i  t h  t h e  equipment p r i o r  
t o  coup1 i n g  t h e  computer and t h e  i npu t /ou tpu t  c o n t r o l  u n i t .  No f a i  l u r e s  have 
occur red  i n  e i t h e r  t h e  computer o r  t he  c o n t r o l  console. 

i 

6. I .  2 Sof tware Development 

A major  p o r t i o n  of t he  engine c o n t r o l  system programs have been w r i t t e n  
bu t  they remain t o  be assembled and t e s t e d  on e i t h e r  the  computer i t s e l f  o r  on 
a so f tware  s imu la to r .  

The purpose o f  t he  assembly program i s  t o  conver t  t h e  programming 
1 anguage f rom the  convenient  codi ng form (symobol i c 1 anguage) t o  a form, whi ch 
may be loaded i n t o  t h e  M ic ro  D computer (F igu re  6.1-1). The program i s  a l s o  
compi led i n  a form s u i t a b l e  f o r  i n p u t  t o  an I n t e r p r e t i v e  Computer S imu la t i on  
Program. T h i s  i n t e r p r e t i v e  program f a i t h f u l l y  reproduces t h e  o p e r a t i o n  o f  a 
M ic ro  D computer and, i n  add i t i on ,  con ta ins  i nput /ou tpu t  s i m u l a t o r s  and 
numerous programming a i  ds. 

The cod ing  language which t h e  "assembler" accepts c o n s i s t s  o f  i n s t r u c t i o n s  
made up o f  t h r e e - l e t t e r  o p e r a t i o n  abbrev ia t i ons  ( F i g u r e  D-2, Appendix D) and 
mu1 t i  cha rac te r  s to rage references.  
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The ins t ruc t ions  a re  punched on 80-column I B M  cards, one per card, and - -1 read onto magnetic tape;  the tape i s  then used as an i n p u t  t o  the assembly 
program. 

The assembly procedure is  divided in to  two par t s .  Firs t ,  the  assembler 
examines the pa r t i cu la r  program t o  be assembled (usua l ly  referred t o  as the 
source program) and assigns binary numbers t o  each symbol u s e d  i n  wri t ing the 
program. Second, the assembler, u s i n g  the symbol t a b l e  formed i n  the  previous 
step,  prepares the actual machine language program and s to re s  i t  i n  a conve- 
nient  form on magnetic tape. 
together w i t h  the corresponding actual machine language is a l so  produced. A n  
example of t h e  p r in tout  is shown i n  Figure 6.1-2. T h i s  is a sect ion of the  
computer acceptance t e s t  program. The left-hand column indicates  the absolute 
address of the s torage location containing the data o r  instruct ion.  The 
second, th i rd ,  and fourth columns i n  the  left-hand s e t  form composite pa r t s  
of the data o r  ins t ruc t ion ,  and t h e  f i f t h  column is t h e  completed word, i n  
oc ta l  format, and i s  the data ac tua l ly  s tored inside the Micro D computer. 
The right-hand column is  the symbolic language (source language). 

A printed copy of the program i n  symbolic form 

The outputted magnetic tape is  converted t o  paper tape t o  b e  read in to  
the Micro D via  the ground control equipment. 

An assembler i s  a l so  being wri t ten fo r  use on the Micro D computer so 
tha t  programs can be assembled v ia  the te le typewri ter .  T h i s  wi 1 1  be used as 
a programmi ng tool for  assembl i ng small engi neeri ng programs. 

i 
f 

”-., 6.2 POWER SUPPLY 

6.2. I Introddction 

A1 1 power requi red t o  operate the computer, computer interface,  temperature 
control,  sensor exc i ta t ion ,  valve exci ta t ion,  and monitors wi 1 1  b e  supplied 
b y  the power s u p p l y  u n i t .  The u n i t  is funct ional ly  divided according t o  vol t -  
age, accuracy, and i so la t ion  requi rements. 

6.2.2 S u p p l y  I n p u t s  

E lec t r ica l  power f o r  the HRE power s u p p l y  w i l l  be derived from three 
sources : 

A motor generator avai lab le  f o r  ground operations 

B-52 power avai lable  fo r  prelaunch operations 

T h e  two generator-turbine (APU) systems of X-15 f o r  X - 1 5  f r ee - f l i gh t  
operations 
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''f I n  a l l  cases, t h e  ac e l e c t r i c a l  system i s  a 400-cps, three-phase, 
four-wi  re, Y I15/200-v grounded n e u t r a l  system, and t h e  dc e l e c t r i c a l  system 
i s  a 28-vdc system. 

i 

The ground power u n i t s  a r e  i n  accordance w i t h  s p e c i f i c a t i o n  
MIL-M-9397 and MIL-STD-704A. 
ca t ion ,  t h e  des ign w i l l  t r e a t  t h e  wors t  case c o n d i t i o n .  Where 
i nformat  i on i s 1 ack i  ng i n M I  L-M-9797, MIL-STD-704A i s assumed 
acceptable.  

I n  cases o f  d i  f f e r e n c e  i n  speci f i  - 

Due t o  l a c k  o f  i n f o r m a t i o n  about e l e c t r i c a l  power f rom B-52, 
MIL-STD-704A w i  1 1  be used. I n  cases where N o r t h  American A v i a t i o n  
Inc .  Report  No. TFD59-233 s t a t e s  more extreme c o n d i t i o n s  than 
MIL-STD-704A, then i t  w i l l  be used. 

Under X-15 f r e e - f l i g h t  cond i t ions ,  t h e  e l e c t r i c a l  power w i l l  be i n  
accordance w i t h  MIL-STD-704A, NAS-4018, and MIL-E-7894. I n  any 
cases o f  incons is tenc ies ,  t h e  most extreme 1 i m i  t s  w i  1 1  be the  guide. 

A comparison o f  MIL-STD-704A t o  any o f  the  o t h e r  s p e c i f i c a t i o n  
mentioned w i l l  show t h a t  MIL-STD-704A i s  u s u a l l y  s u p e r i o r  t o  any 
o f  t h e  o t h e r s  w i t h  respect  t o  extreme l i m i t s  and completeness, and 
i t  w i  1 1  be the  main guide f o l l o w e d  throughout  t h e  supply  design. 

6.2.3 Supply Outputs 

A l l  power s u p p l i e s  r e q u i r e d  f o r  t h e  HRE c o n t r o l  system e l e c t r o n i c s  a r e  
dc v o l t a g e  supp l ies .  The t o t a l  power requirement i s  shown i n  Table 6.2-1, 
the  r e s u l t  o f  an o v e r a l l  system power est imate.  As t h e  t a b l e  shows, t h e  power 
supply  w i  1 1  be d i v i d e d  i n  s e c t i o n s  accord ing  t o  vol tage, accuracy, and i s o l a -  
t i o n  requirements.  F u r t h e r  supply  grouping w i  1 1  be accord ing t o  grounding 
sequence and power requi  rements. 

The o n l y  power supply  o u t p u t  requirements n o t  mentioned i n  Table 6.2-1 
a r e  t h e  power shutdown and turn-on sequence requi  rements which i n c l u d e  t r a n -  
s i e n t  behav io r  de tec t ion .  T h i s  w i  1 1  be discussed more thorough ly  i n  Para. 
6. 2.4.4. 

6.2.4 Power Supply C i r c u i t r y  

The i n i t i a l  b l o c k  diagram ( F i g u r e  6.2-1) expresses t h e  power d i s t r i b u t i o n  
o f  Table 6.2-1. Due t o  grounding requi  rements, r e g u l a t i o n ,  power s p e c i f i c a -  
t i o n ,  and moni tor ihg,  t h e  e n t i r e  supply  w i  1 1  be grouped i n  f o u r  separate 
s e c t i o n s  : 

(a)  Suppl i e s  u s i n g  28-vdc a i  r c r a f t  power. 

(b )  I Suppl i e s  us i  ng I 15-vac single-phase ( I d )  a i  r c r a f t  power. 

( c )  Suppl ies us ing  I 1 5  vac three-phase (34) a i  r c r a f t  power. 

(d )  T o t a l  supply  m o n i t o r i n g  l e v e l  de tec t ion ,  and turn-on/shutdown 
sequenci ng. 
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o =  
28 VDC 

A I RCRAFT o--- 

1-0 AIRCRAFT GROUND 
4 PROTECTION 

1-0 +25 VDC i 2 %  
+25 VDC 4 SUPPLY 1-0 S IGNAL GROUND 

3 + I 5  VDC *I% 

k S IGNAL GROUND 
4 SUPPLY 

I I  
I 

I 0 -15 VDC i l% - 15 VAC 

& S IGNAL GROUND 
4 SUPPLY 

A I RCRAFT 
GROUND 

+ I O  VDC i 0 0 2 %  

PH 

+ I O  VDC i 0 . 2 %  

co 

+5 VDC *O.2% 

COMMON +5 VDC i 5 %  
PHASE A 
PHASE B 
PHASE C S IGNAL GROUND 

LEVEL DETECTOR 
AND 

SUPPLY MONITOR 

S-40723 

F i g u r e  6.2-1. I n i t i a l  Power D i s t r i b u t i o n  and 
M o n i t o r i n g  B lock  Diagram 
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A f ina l  block diagram of par t  6.2.4.1, 6.2.4.2, and 6.2.4.3 i s  represented 
i n  Figure 6.2-2. T h e  following discussion out l ines  reasons for  t h e  power 
assignments shown i n  Figure 6.2-2. 

I 
Good regulation of supplies w i t h  h i g h  load currents  depends on e i t h e r  

very good f i l t e r i n g  o r  regulated voltages which a re  a t  l ea s t  a couple of 
vo l t s  lower than m i n i m u m  source values. T h i s  implies a choice between pro- 
ducing good f i l t e r s  o r  operating w i t h  low power e f f ic ienc ies .  

By choosi ng t o  produce a we1 1 f i 1 tered system, we have the problem tha t  
frequencies as low as  400 cps f o r  - I  15 vac s ingle  phase need enormous capaci - 
t o r s  for  energy storage.  

A three-phase full-wave r ec t i f i ed  system gives a dc output w i t h  l ess  
than 5 percent r ipple  without any f i l t e r .  The r ipple  frequency is 6 x 400 cps 
a n d  a f i l t e r  of moderate s i ze  w i l l  reduce the  r ipple  magnitude appreciably. 
T h i s  method appears t o  be best  su i ted  for  the 5-vac, +5-percent, 7.8-amp 
SUPP 1 Y. 

The +25 vdc, + I5  vdc, and  -15 vdc a l l  need much be t t e r  regulation than 
5 percent. Since a l l  of these carry heavy currents,  the preferred method i n  
these cases i s  t o  use h i g h  frequency dc to  dc frequency modulated, chopper 

supplies. The frequency modulation method was selected because o f  t he  long 
time t r ans i en t s  specif ied for  the 28-vdc a i r c r a f t  power. The chopping f r e -  
quency to  be used w i l l  b e  between 10 kcps and 50 kcps. T h i s  w i l l  decrease the 

phase ai r c r a f t  power. 

I 

'1 f i  1 t e r  s i z e  t o  about 1/25 of tha t  needed for  the 4OO-cps, I15-vac, s ingle-  i' 

The power consumption of the low current,  h i g h l y  regulated supplies w i l l  
So by designing these w i t h  the  be much lower t h a n  any of the o ther  supplies.  

output voltages several v o l t s  lower than the source signal values the 
power losses due to  regulation w i l l  s t i l l  be negl igible ,  and f i l t e r i n g  w i l l  
not be as c r i t i c a l  a s  fo r  the other  supplies.  Total i so la t ion  is  a require- 
ment for  the h i g h l y  regulated supplies.  
supplies is  to  use I I5-vac, 400-cps single-phase power s ince the to t a l  power 
requi rement i s  q u i  t e  small. 

The most su i t ab le  solut ion fo r  these 

The ARMA Micro-D computer used i n  the fuel control system has very 
t i g h t  speci f i  cations fo r  short-ci  rcui t and overvoltage protection. 
t ion outs ide the to le rab le  l i m i t ,  the computer m u s t  have i t s  power i n p u t s  
sequenced off i n  a cer ta in  way. Because of the time l i m i t s  fo r  overvoltage 
a n d  short  ci rcui ts, level detection m u s t  be used and action must be taken 
before the operating l imi t s  are  reached. T h i s  i s  done u s i n g  su f f i c i en t  s t o r -  
age capacity and proper time delays i n  the supply f i l t e r s  and regulators.  

For opera- 

The power layout gives cer ta in  level detection advantages. Examinat 
of the voltage supplies a re  used to  s u p p l y  the computer i t s  +25 v, + I5  v, 
-15 v, and 5 v (+5 percent) shows tha t  the +25 v, + I5  v, and -15 v w i l l  a 
have a common level detector  on the 28-vdc a i r c r a f t  power. T h i s  provides 
required time delay to  t u r n  the supplies off before the outputs pass t h e  
proper l imits ,  i n  cases of adverse conditions. T h e  5-v (+5 percent) s u p p  

) 
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Y 
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2 0  VOC 
SHIPS 
SUPPLY 

COMMON 

2d=b 
20.0V TO 30V, 

+25V *l% 

+15V * I %  

SIGNAL 
GROUND 
POWER 
GROUND 

-15V * I %  

+1ov *O.l% 

REF NO. 1 

1 1 5  VAC -19 
SHIPS SUPPLY +1ov *0.1% 

REF NO. 2 

+15V *0.2% 

REF NO. 3 

1 1 5  VAC -39 
PHASE A 

PHASE B 

PHASE C 

COMMON 

3(6 FULLWAVE RECTIFICATION 
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Figure  6.2-2.  Power D i s t r i b u t i o n  Block Diagram 
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w i  1 1  have t h e  l e v e l  d e t e c t i o n  p r i o r  t o  t h e  f i  i t e r  ( o n  the  f u l l w a v e  r e c t i f i e r  
ou tpu t )  which i s  a dc v o l t a g e  w i t h  l e s s  than 5-percent r i p p l e ,  and t h e  f i l t e r  
w i l l  p r o v i d e  t h e  t i m e  de lay  needed f o r  t h e  supply  t o  t u r n  o f f .  The h i g h l y  
r e g u l a t e d  s u p p l i e s  have no g iven l e v e l  d e t e c t i o n  s p e c i f i c a t i o n s .  However, 
f a i  1 ure m o n i t o r i n g  f o r  these o u t p u t s  and o t h e r  supply  o u t p u t s  w i  1 1  be needed 
due t o  HRE f a i  1-safe o p e r a t i n g  requi  rements. 

1 

l )  

6.2.4.1 Suppl ies Usinq 28-vdc A i r c r a f t  Power 

The 28-vdc a i r c r a f t  system s p e c i f i c a t i o n  f o r  steady s t a t e  i s  over  t h e  range 
o f  17 vdc t o  30 vdc. The long t i m e  t r a n s i e n t  c o n d i t i o n  l a s t s  f o r  as long as 5 
sec and a l i m i t  o f  80 v f o r  0.5 ms. 
t i o n  n o t  t o  exceed 50 Usec. 

Vol tage s p i k e  l i m i t s  a r e  600 v f o r  a dura- 

To accommodate t h e  80 v t r a n s i e n t  w i t h o u t  u s i n g  an enormous f i l t e r ,  t h e  sup- 
p l y  i s  designed t o  f u n c t i o n  w i t h  i n p u t s  between 1-17 vdc and +80 vdc. T h i s  w i l  
accompl ished by a f requency-modulated p r e r e g u l a t o r  which w i  1 1  p r o v i d e  a p r e f e r  
secondary v o l t a g e  w i t h i n  525 percent .  An input -p ro tec ted  f i n a l  r e g u l a t o r  w i l l  
r e g u l a t e  t h e  o u t p u t  t o  51 percent .  T h i s  method i s  used for  a l l  t h r e e  s u p p l i e s  
+25 vdc 1 2  percent, + I 5  vdc +I percent, and -15 vdc + I  percent .  They w i l l  a l l  
c o n t r o l l e d  by t h e  same p r e r e g u l a t o r  and each w i t h  t h e i r  own f i n a l  regu1ators.F 
6.2-3 shows t h e  b l o c k  diagram o f  t h e  +25-v, +15-v, and -15-v supply  sec t ion .  

The b l o c k  diagram o f  t h e  p r e r e g u l a t o r  i s  shown i n  F i g u r e  6.2-4. Operat ing 
waveforms of t h e  p r e r e g u l a t o r  a r e  shown i n  F igure  6.2-5. 

be 
ed 

be 
gu r e  

T2A i s  the  on t ime o f  Q9, and T2B i s  t h e  on t ime o f  QIO, w h i l e  b o t h  a r e  
i I 

f 

, \  

o f f  through t ime TI.  
o f  the  o s c i  1 l a t o r  ( m u l t i v i b r a t o r ) .  

T o t a l  t ime TI  + T2 = Const = -  where f i s  t h e  f requency I , 

Neg lec t ing  t rans former  e r r o r s  and f i l t e r i n g  e r r o r s  we have 

T2 E i n  C x T 2 x E  Eout = (TI+T2) = 2 i n  

I where: C and C a r e  b o t h  constants  w i t h  C = 
I 2 P I  + T23 

C I  i s  a f u n c t i o n  o f  t ransformer r a t i o  and t h e  pread jus ted  d u t y  c y c l e  o f  
the  s w i t c h i n g .  

The o n l y  element t h a t  c o n t r o l s  t h e  du ty  c y c l e  and thereby t h e  o u t p u t  
v o l t a g e  i s  t h e  one shot .  By u s i n g  a changeable c u r r e n t  Ic5, which i s  a l i n e a r  
f u n c t i o n  of  t h e  i n p u t  vol tage, t o  charge up t h e  t ime c o n t r o l l i n g  c a p a c i t o r  o f  
the one shot, we have l i n e a r  r e g u l a t i o n  on t h e  du ty  c y c l e  o f  the  s w i t c h i n g  
t r a n s i s t o r s  Q9 and Q l O .  

The p r e r e g u l a t o r  c i r c u i t r y  i s  shown i n  F i g u r e  6.2-6. The changeable c u r r e n t  
Ic5 i s  produced by t h e  c i r c u i t r y  CR5, RI I ,  R12, R13, and 46. 
l i n g  c a p a c i t o r  o f  t h e  one shot i s  C5. Some i n i t i a l  breadboard t e s t s  o f  t h e  pre-  
r e g u l a t o r  a r e  shown i n  F igures  6.2-7, 6.2-8 and 6.2-9. 
a c t u a l  waveforms taken under t e s t  t o  v e r i f y  t h e  o p e r a t i o n s  shown i n  F i g u r e  6.2-5. 

The t ime c o n t r o l -  

These p i c t u r e s  show t h e  

i 
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Figure 6.2-7 shows tests taken at -55OC. 

Figure 6.2-8 shows tests taken at +25OC. 

Figure 6.2-9 shows tests taken at +125OC. 

Figure 6.2-10 shows the preregulator breadboard. 

The final regulation of +25 v, +I5 v, and -15 v uses hybrid circuit 
voltage regulators. The regulators are Amelco Semiconductor Products iden- 
tified as 2802Bg for positive regulators and 2803 for negative regulators. 
Both types of regulators are packaged in low-profile TO8 headers. They 
can provide 0.1 percent load and line regulation and 0.5 percent stability 
from -65'C to +125OC. They are capable of controlling load currents as 
high as I O  amp with an external transistor. The final regulators are 
shown in the schematic Figure 6.2-1 I .  The regulators 2802BG (A3 or A 4 )  
and 28038G (A5) need overvoltage protection for voltages exceeding 55 v. 
Input circuits (QII,  R22 and CR12) provide this protection by limiting the 
input voltage to the zener voltage V = 50 v. CR12 

The regulators have differential amplifiers in the feedback path. 
For accurate operation, a differential amplifier needs a good reference. 
This is accomplished by components CR15 and CR16. The differential ampli- 
fiers are connected as shown in Figure 6.2-12. 

1 

Resistor R28 is trimmed to set the output voltage to any value from 
4.5 v to 40 v. The only limitation to this setting is that the input 
voltage must be at least 2.5 v higher than the output value. Figure 
6.2-13 shows the initial breadboard of the "final regulators." 

Figure 6.2-14 shows the initial breadboard test set up for the com- 
plete +25 v, +I5 v, and -15 v, supplies. 
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ASSUME E I N  = 2 8 V  G I V E S  ONE SHOT 

EQUAL M U L T I V I B R A T O R  PULSE W I D T H  

M U L T I V I B R A T O R  1 

3 

4 ONE SHOT 

5 !NAND 4 AND Q 

Q 1 I 1 1 I 

-! Q 

6 .NAND 4 AND 

7 5 INVERSE 

8 6 INVERSE 

T2A 

TRANS F 0 RME R 
SWITCH I NG 

TRANSFORMER 
9 

OUTPUT I 
S-407 14 

Figure 6.2-5. Preregulator System Operation 
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PARTS LIST FOR FIGURE 6.2-6 

R I  = 

R2 = 

R 3  = 

R4 = 

R5 = 

R6 = 

R7 = 

R8 = 

R9 = 

R I O  = 

R I I  = 

R12 = 

R 1 3  = 

R14 = 

R15 = 

) R16 = 

R17 = 

R18 = 

RA = 

RB = 

C I  = 

c2 = 

c3 = 

c4 = 

c5 = 

CF = 

I K R  f 5 percent, 2 w 

600 R f 5 percent, 1-1/4 w 

12 K k I percent, 1/4 w 

12 K R  f I percent, 1/4 w 

600 R rt 5 percent, 1/4 w 

I K R  f 5 percent, 1/4 w 

I K O  f 5 percent, 1/4 w 

2 K R  k 5 percent, 1/4 w 

200 Q f 5 percent, 1/4 w 

I O  K R  k 5 percent, 1/4 w 

500 K 62 rt I percent, 1/4 w 

125 K O  k I percent, 1/4 w 

I O  K R 2 I percent, 1/4 w 

I K R  k I percent, 1/4 w 

100 k 5 percent, 1/4 w 

5 R f 5 percent, 5 w 

100 k 5 percent, 1/4 w 

5 R f 5 percent, 5 w 

510 2 5 percent, 1/4 w 

510 R k 5 percent, 1/4 w 

1200 p f  5 I percent,  20 v 

1200 p f  f I percent, 20 v 

2000 p f  k I O  percent  20 v 

2000 p f  k I O  percent, 20 v 

1000 p f  rt I percent, 50 v 

(25 PPm C.1 

I 
I 
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Lor Angeles California 

LF = 

CRI = 

CR2 = 

CR3 = 

CR4 = 

CR5 = 

CR6 = 

CR7 = 

IN387FA (or k 2 percent  i s  
b e t t e r )  

IN457 (70 w diode) 

I N457 

I N457 

IN457 

UT4020 

UT4020 

(200 v diode) Uni t r o d e  

CR8 = UT40 

CR9 = UT40 

C R l O  = UT40 

C R I  1 = UT40 

QI = 

42 = 

43 = 

Q4 = 

45 = 

46 = 

47 = 

48 = 

Q9 = 

Q I O  = 

QA = 

QB = 

A I  = 

A2 = 

2N3236 (or 2N3055) 

2N9 I O  

2N9 I O  

2N222 

2N222 

2N3064 (65) 

2N3036 

2N3036 

2N3236 (o r  2N3055) 

2N3236 (or 2N3055) 

2N222 

2N222 

DWL 945 

DTpL 944 
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( 5 )  

(7) 

( 9 )  

M U L T I V I B R A T O R  

D-,-pL 945 Q 

DwL 945 5 
ONE SHOT 

NAND 4 AND Q 

NAND 4 AND 5 
5 I N V E R S E  

6 I N V E R S E  

TRANSFORMER 
S W I T C H I N G  
Q9-QI 0 

F-9429 

= 28V -55OC E i n  

Figure 6.2-7. Preregulator System Operation Tested at -55OC 
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( I )  MULTIVIBRATOR 

(2) DwL 945 Q 

(3) DwL 945 5 

(4) ONE SHOT 

(5) NAND 4 AND Q 

(6) NAND 4 AND 5 

(7) 5 I N V E R S E  

(8) 6 I N V E R S E  

(9) TRANSFORMER 
SWITCH1 NG 
Q9-QI 0 

25OC 

F-9428 

= 28V Ei n 

F i g u r e  6.2-8. P r e r e g u l a t o r  System Opera t ion  Tested a t  
+25'C (Room Temperature) 
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! 

( I  ) MULTIVIBRATOR 

945 Q ( 2 )  D T ~ L  

( 3 )  D w L  945 'ii 
( 4 )  ONE SHOT 

( 5 )  NAND 4 AND Q 

( 6 )  NAND 4 AND 5 
( 7 )  5 I N V E R S E  

(8) 6 INVERSE 

( 9 )  TRANSFORMER 
SWITCHING 
Q9-QI 0 

= 25V E i n  
I 2 5 O C  

F i g u r e  6.2-9.  P r e r e g u l a t o r  System Operat ion Tested a t  +125OC 
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Figure 6.2-10. Preregulator Breadboard 
F-938 I 
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PARTS LIST FOR FIGURE 6.2-1 I 

R19 = I O  ha k 5 percent, 5 w (200 v) 

R20 = I R rt 5 percent, 35 w (0 R?) 
R21 = 25 ha rt 5 percent, 20 w (0 R?) 
R22 = 51 R rt 5 percent, 1/2 w 

R23 = I O  R rt 5 percent, 3 w 

R24 = I O  R k 5 percent, 3 w 

R25 = 1/2 R k 5 percent, I w 

R26 = 0.1 R k 5 percent, 3 w 

R27 = 0.2 R rt 5 percent, 2 w 

R28 = 5 K R p r e s i t i o n  PQT (ac tua l  
va lue  3.6 Kha 2 0. 196) 

R29 = 50 K Q POT (ac tua l  = 30 K a)  
R30 = 50 K n POT (ac tua l  = 30 K hd) 
C6 = I O  pf rt 100 percent, 150 v ( w i t h  

C7 = 60 pf 2 100 percent, 150 v ( w i t h  

C8 = 30 pf k 100 percent, 150 v ( w i t h  

C9 = 47 yf f I O  percent, 50 v 

CIO = 47 yf rt I O  percent, 50 v 

C l  I = 47 yf  k I O  percent, 50 v 

f = 50,000) (50 pf f o r  f = 10,000) 

f = 50,000) 

f = 50,000) 

‘i 

c12 = I O  y f  

C13 = IO pf 

C14 = I O  IJ.f 

CR6 = UT4020 Un i t rode  power diode 

CR7 = UT4020 Un i t rode  power diode 

AIRESEARCH MANUFACTURING DIVISION 
Lo5 Angeles. California 

CR8 = UT4010 Un i t rode  power diode 

CR9 = UT4010 Un i t rode  power d iode 

CRIO= UT4010 Un i t rode  power d iode 

C R I I =  UT4010 Un i t rode  power d iode 

CR12= UZ5850 Un i t rode  zener diode 

CR13= UZ5850 Un i t rode  zener d iode 

CRI4= UZ5850 Un i t rode  zener diode 

CR15= IN457 

CR16= IN3514 

CR17= IN457 

CR18= IN3514 

CR19= IN3514 

CR20= IN457 

QI I = 2N3236 

412 = 2N3236 

QI 3 = 2N3789 

414 = 2N3236 

Q15 = 2N3236 

416 = 2N3789 ( s u b s t i t u t e  2N3741) 

A3 = 2802Bg Amelco h y b r i d  v o l t a g e  

A4 = 2802Bg Ame.lco h y b r i d  v o l t a g e  

A5 = 2803Bg Amelco h y b r i d  v o l t a g e  

TI 

regu 1 a t o r  

regu 1 a t o r  

r e g u l a t o r  

= ADC-SI846 (by ADC E l e c t r o n i c s )  

68-3589 ,, 
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Figure 6.2-13. Initial Breadboard o f  Final Regulators 

F-9380 
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F-9379 

Figure 6.2-14. I n i t i a l  Breadboard Test Setup f o r  Complete +25 v, +15, 
and -15 v Supplies 
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6.3 COMPUTER INTERFACE ANALOG SECTION 

6.3.1 Computer Interface Unit (C1U)-Digital Section 
1 

-3 

During this reporting period the digital portion of the CIU has been sub- 
stantially completed and integrated into a cabinet containing both stimuli and 
display facilities. The equipment has been tested and found to function cor- 
rectly, though the hardware must still be subjected to extensive environmental 
and dynamic performance checks. 

It should be noted that since the remainder of the interface system is 
undergoing either definition, design, or construction, the digital portion of 
the interface is a first-order design. The design cannot be completed and 
refined until the system as a whole has been completed, integrated with the 
computer, and checked out dynamically with simulated inputs and outputs. 

Digital circuitry which has been checked out functionally will have been 
interfaced with the computer by the end of April 1968. It will then be possible 
to perform limited programming development with the 1/0 system. 

The following subsections describe in detail the operation of the digital 
CIU, illustrated in Figure 6.3-1. 

Figures 6.3-2, 6.3-4, 6.3-7, and 6.3-8 show circuits of the digital portion 
of the CIU, and Figures 6.5-1, 6.5-2, 6.5-3, and 6.5-4 illustrate the'breadboard 
hardware and the integrated rack-assembly. 

'I 
j .  

6.3.1.1 CIU Operation 

The third TDR explained the principle of the operation of CIU. 

The configuration of the CIU has changed with regard to the multiplexing 
technique as a result of further tradeoff considerations. Solid-state switch 
multiplexing rather than comparator-multiplexing is proposed, this technique 
is illustrated in Figure 33 of the third TDR. 

the 
n am 
the 

1 og 
a re 

To simplify the description of the operation of the digital equipment, 
CIU is divided into areas corresponding to the actual circuit boards, 
ly the interface control logic, ADC logic and 1/0 transfer register, and 
multiplexer decoder. 

To assist in the explanation of the operation of the interface control 
c, and for convenient reference purposes, the input/output instructions 
listed in the following paragraphs. 
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18 17 16 15 14 13 12 I I  I O  9 8 7 6 5 4 3 2 I 

NOT USED X X X NOT USED x x x x x x x x  
- 

The t h r e e  opcode f u n c t i o n  b i t s  ( b i t s  13, 14, 15) i d e n t i f y  t o  t h e  C I U  t h e  
o p e r a t i o n  t o  be performed. B i t s  16 th rough 18 a r e  a v a i l a b l e  f o r  expansion o f  
t he  f u n c t i o n  codes. The 8 data/address b i t s  depend on the  f u n c t i o n  code f o r  
t h e i r  i n t e r p r e t a t i o n .  The f o l l o w i n g  f u n c t i o n s  a r e  c u r r e n t l y  de f ined.  

B i t  p o s i t i o n  1 8 .  17 16 15 14 13 12 I I  I O  9 8 7 6 5 4 3 2 

Content NOT USED 0 0 1  NOT USED x x x x x x  

4 
J 

I 

Code - Func t i on 

0 000 

I 00 I 

2 010 

3 01 I 

4 IO0 

5 I O 1  

6 I I O  

7 I l l  

6.3.1.2.1 Setup o f  Analog I n p u t  

ODerat i o n  

Analog data o u t p u t  

Analog data i npu t  

D i s c r e t e  da ta  i n p u t  

S e l e c t  analog o u t  address 

Not ass igned 

Set d i s c r e t e  o u t  

Reset d i s c r e t e  o u t  

Not ass i gned 
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Address Assignments: Individual sensor address assignements can be arranged 
by the programmer, but have been tentatively arranged 
as shown below: 

3 

Content NOT USED 0 I 0 NOT USED x x x  

Sensors Addresses (Oc t a 1 ) 

Pressure 00-06, 10-16, 20-26, 30-36, inclusive 
Temperature 40-42, 50-52, inclusive 

Miscellaneous 60-62, 70-72, inclusive 

Unused 07, 17, 27, 37, and 43-47, 53-57, 
63-67, 73-77, inclusive 

Operation: 

Time: 

The addressed sensor output is converted t o  a positive 
binary number. The word length of the converted value 
is I O  bits. The number is available to the computer in 
the least significant bit positions of the 18 bit com- 
puter word. Unused bits will be held "false" (0). 
Update of analog outputs is terminated by this instruc- 
tion. 

The converted value may be sampled via a DIN instruction 
126 psedk after execution of the WOT instruction. In the 
interval between execution of the WOT and DIN instruc- 
tions, other WOT instructions may not be executed. 

6.3.1.2.2 Setup of Discrete Input 

Address Assignments: Each address selects 12 discretes. Two addresses have 
been assigned, one for external and one for internal 
or self test, discretes. 

Input Add res s 

External Discretes In I 001 

Self-Test Discretes In 2 010 

The assignment of bit positions for individual discretes 
may be made by the programmer. 

+5 126 psec equals seven computer word-times. 
i 
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) Operation: 

Bitposition '18(17116 15 14 13 1 2 ~ 1 1 ~ 1 0 ~ 9  8 / 7 1 6 1 5 / 4  3 2 
Con tent NOT USED 0 I I NOT USED x x x  

Time: 

1 

The addressed set of discretes is clocked into the 1/0 
register. Update of analog output is terminated by this 
instruct ion. 

The discretes may be sampled via a DIN instruction 
immediately following the WOT instruction. If an 
interval is left between the WOT-DIN instructions, 
other WOT instructions may not be executed during this 
interval. 

Address Assignments: Current requirements specify four analog outputs 
Specific assignment of the analog addresses (0-7) to 
each of the four outputs may be made by the programmer. 

Operation: 

") Time: 
. -  

The 1/0 register is cleared and the address placed in 
the address register. Update of analog outputs is 
terminated by this instruction. 

This instruction requires no programmed delay. It may 
be immediately followed by the analog data output. 

6.3.1.2.4 Setup of Analog Output Data 

Bit position 18 17 16 15 14 13 12 I I  I O  9 8 7 6 5 4 3 2 I 
Content NOT USED 0 0 0 NOT USED x x x x x x x x  

Opcode Data 

Address Assignments: Output address previously setup by analog output address 
' select WOT instruction. 

Operat ion: 

Time: 

This instruction is preceded by an analog output address 
select WOT (bits 15, 14, 13 = 01 I )  which determines the 
output to be updated. The 8-bit data value is clocked 
into the 1/0 register. The updating process will be 
enabled and continue enabled until another WOT instruc- 
tion is executed. 

Worst-case slewing requirements for the output holding 
capacitors require a minimum dwell time of one millisecond. 
Hence another WOT instruction may not be executed for a 
period of at least I ms following execution of this in- 
s t ruct i on. 
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Bit position 18 117 I16 15 14 13 12 I I 1  110 19 8 7 6 5 4 3 2 I 
Content NOT USED 1 0 1  NOT USED x x x x x x x x  

Address Assignments: Addresses may be assigned by the programmer. Addresses 
correspond to the eight djscretes as shown in the table 
below. 

Address 
Discrete 8 7 6 5 4 3 2 1  

' 

0 
I 
2 
3 
4 
5 
6 
7 

A1 1 

Bit position 1 8 1  17 116 115 114 113 112 1 1 1  11019 8 7 6 5 4 3 
Content NOT USED I I 0 NOT USED x x x x x x x x  

1 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 1  
0 0 0 0 0 0 1 0  
0 0 0 0 0 1 0 0  
0 0 0 0 1 0 0 0  
0 0 0 1 0 0 0 0  
0 0 1 0 0 0 0 0  
0 1 0 0 0 0 0 0  
I I I I I I I I  

2 I 

,I 
Operation: 

Time: 

The address for each discrete must be the same for both 
this instruction and for the Reset Discrete Out WOT 
instruct ion. 

Execution of this instruction unconditionally sets the 
addressed discrete to its true ( I )  voltage level. Other 
discretes are unaffected. Update of analog outputs is 
terminated by this instruction. 

This instruction requires no programmed delay. It may 
be immediately followed by any other instruction. 

Address Assignment: The address for each discrete must be the same for both 
this instruction and for the Set Discrete Output WOT 
instruct ion. 

Operation: Execution of this instruction unconditionally resets the 
addressed discrete to a "False" (0) voltage level. Other 
discretes are unaffected. Update of analog outputs is 
terminated by this instruction. 
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Time: This instruction requires no programmed delay. It may 
be immediately followed by any other instruction. 

6.3.1.3 Computer Interface Control Loqic 

The interface control logic is illustrated in Figure 6.3-2. The circuit 
has been subdivided into seven functional areas, namely: 

C 1 oc k-d i v i ders 

Computer instruction detector and transfer control sequencer 

Operation code (Opcode) memory and decoder, transfer control 

Signal generator 

Computer-output address/data bus 

Address-memory and decoder 

Discrete output signal memory 

ADC start-conversion delay circuit 

The function of this portion of the system is t o  interpret the computer 
i instructions (requiring the input or output of data) and to generate the 

necessary timing and control signals for the remainder of the system. Further, 
memory elements are provided to retain instructions during execution to "free" 
the computer after each instruction transfer is made (with the exception of 
analog outputs). Memory elements are also provided to retain the states of 
the discrete output signals. The operation of the seven functional areas are 
described be 1 ow. 

6.3. I .3. I Clock Dividers 

The clock dividers receive the computer 1.5 MHz clock-pulse-train, which 
is approximately 1:3 mark:space ratio. The signal is buffered by a gate to 
provide a standard load at the computer output interface. The three, binary 
dividers are synchronously clocked to minimize skew in the resulting system 
clocks. The three dividers produce clocks at 750 KHz, 375 KHz, and 187.5 KHz. 
The first division-by-two assures that all clocks have a 1:I mark:,space ratio. 
The clocks are referred to as fl, f2, and f3 respectively. 

The timing of the CIU is shown in Figure 6.3-3. Due to the arbitrary 
relationship of the computer WOT signal relative the clocks in the CIU, a 
number of possible signal relationships are possible and these are shown in 
Figure 6.3-3 with dotted lines. 
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' ' 1  6.3.1.3.2 Computer I n s t r u c t i o n  Detec tor  and T r a n s f e r  Cont ro l  Sequencer 

The s t a t u s  o f  the  WOT l i n e  i s  s h i f t e d  through a s h i f t  r e g i s t e r ,  215, 

Th is  s t a t e  i s  s h i f t e d  
except when the  WOT i s  FALSE, by c l o c k  f2. 
(by concurrence o f  WOT and f 2 )  Z 1 5 b  becomes TRUE. 
through the  s h i f t  r e g i s t e r  and 21541 and Q2 becomes TRUE. 
TRUE, i s  arranged t o  become FALSE regard less  o f  the s t a t e  o f  t h e  WOT l i n e .  
This  s t a t e  i s  s h i f t e d  through the  s h i f t  r e g i s t e r .  

As soon as the WOT i s  de tec ted  

When Qz becomes 

Figure  6.3-3 shows t h a t  t h e  WOT s i g n a l  i n i t i a t e s  the genera t ion  o f  t h r e e  
pulses, delayed w i t h  respec t  t o  each o t h e r  by one f 2  c l o c k  per iod,  a t  Z15Q, 
Z15QI and Z15Q2, r e s p e c t i v e l y .  

These t h r e e  pulses and c l o c k  f 2  a r e  gated together  t o  produce the  t r a n s f e r  
c o n t r o l  pu lses S I ,  S2 and S3 w i t h  a w i d t h  and s e p a r a t i o n  equal t o  c l o c k  f l  
per iod .  

S I ,  S2, and S3 e s t a b l i s h  the t i m i n g  f o r  sequencing, i n  synchronism w i t h  
t h e  C I U  c locks,  the  i n t e r f a c e  data conversion, and t r a n s f e r  f u n c t i o n s .  

6.3. I .3.3 Operat ion Code Memory and Decoder, Transfer  Cont ro l  S iqna l  Generator 

The S I ,  S2, and S3 pu lses always occur d u r i n g  t h e  p e r i o d  f o r  which informa- 

t i o n  i s  a v a i l a b l e  a t  t h e  computer i n t e r f a c e .  Th is  i n f o r m a t i o n  may be an i n s t r u c -  
t i o n  and/or o u t p u t  data (as d e f i n e d  i n  para.  6.3. I .2, Input /Output  I n s t r u c t i o n s ) .  i 

B i t s  13, I4,and 15 c o n t a i n  the  o p e r a t i o n  code (Opcode) which descr ibes the  
t r a n s f e r  f u n c t i o n  t o  be performed by t h e  C I U .  Th is  Opcode i s  loaded i n t o  a 
memory 213, by t h e  c o n t r o l  term S I ,  and decoded by t h e  decoder 214. 214 pro-  
duces one-out-of - ten enable s i g n a l s  which, i n  tu rn ,  s e l e c t  f u r t h e r  c o n t r o l l i n g  
func t ions  i n  t h e  ga te  network 224, 225, 232, 233, and 234. T h i s  gate network, 
together  w i t h  t h e  c o n t r o l  terms S2 and S3, generate a l l  o f  t h e  fundamental 
t r a n s f e r  c O n t r o l  s i g n a l s  r e q u i r e d  w i t h i n  t h e  CIU. These s i g n a l s  a r e  shown i n  
F igure  6.3-3. 

6.3.1.3.4 Computer Output Address Data/Bus 

A l l  o f  t h e  s i g n a l  l i n e s  f rom the  computer i n t e r f a c e  a r e  presented w i t h  a 
normal ized load, i n  f a c t ,  a s i n g l e  s tandard gate i n p u t .  

The o u t p u t  o f  each ga te  d r i v e s  a bus which rou tes  t h e  address/data t o  t h e  
I/O t r a n s f e r  r e g i s t e r ,  an address memory, and a d i s c r e t e  data o u t p u t  memory. 

Each memory i s  loaded depending on t h e  Opcode s e t  up i n  t h e  Opcode memory. 

The address memory, Z9 and Z I I ,  i s  always loaded w i t h  t h e  s t a t u s  o f  t h e  
e i g h t  address/data l i n e s  except when the Opcode descr ibes analog da ta  output,  
i n  which case t h e  address memory w i l l  have been p r e v i o u s l y  loaded w i t h  the  
address of t h e  analog o u t p u t .  

" s e t - d i s c r e t e "  o r  " rese t -d isc re te , "  r e s p e c t i v e l y .  

The d i s c r e t e - o u t p u t  memory c e l l s  a r e  "se t "  o r  
i " r e s e t "  t o  t h e  s t a t u s  o f  t h e  e i g h t  address/data l i n e s  when t h e  opcode descr ibes 

/ <  
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The 1/0 transfer register is set to the state of the eight addressjdata 
lines when the Opcode describes analog data output. The output of the inter- 
face DAC which produces the analog signal. The analog signal is then demulti- 
plexed to the analog holding circuit described by the address (which will have 
been previously set up) in the address memory. 

" ";1 

6.3. I .3 .5  Address Memory and Decoder 

The address memory, Z9 and Z I I ,  is always set to the status of the eight 
address/data lines except when the Opcode memory has been loaded with the Opcode 
for analog data output. 

The Opcode memory is staticized by the S I  control term and 
memory by the S2 control term. 

the address 

When the computer address/data lines conta 
icant six bits are decoded to produce an 810 x 
16 (8+8) resulting signals are fed, via buffers 
decoder, which produces the multiplexer drive s 

n address data, the least signif- 
810 matrix by Z 0 and 212. 
to the analog nput multiplexer 

gnals. 

The 

Four states of the decoder 210 are used to produce the drive signals for 
the demultiplexer which routes the DAC signals to the analog holding circuits. 

Two states of the decoder are required to select one of the two sets of 
discrete inputs for the "discretes-in" Opcode. 

6.3.1.3.6 Discrete Output Signal Memory i 

The discrete output signal memory retains the states of the eight discrete 
output signals. The eight memory cells can be individually set or reset by the 
appropriate Opcode (set output discretes or reset output discretes) and an 8-bit 
address. A signal bit is made TRUE in the address to select the cell which is 
to be switched. While this form of single-bit-address was chosen for simplified 
programming, all eight cells can be switched simultaneously with the appropriate 
address (i.e., all bits of the address TRUE). 

6.3.1.3.7 ADC Start Conversion Delay Circuit 

When an analog input is selected by the computer instruction, a period 
of  approximately 50 psec must be allowed for the multiplexer to switch and the 
appropriate signal conditioner to settle, before the analog-to-digital conver- 
sion can begin. This delay is generated by the counter 216 and is initiated 
by the WOT signal changing from TRUE to FALSE. 

The ADC is preset by the S2 control term but will not begin a conversion 
until the (single) converter clock is enabled by setting 245. 

245 is set by clock f3 when 216 reaches the count 0111. The counter has 
a variable count facility, arranged by changing the number to which the counter 
is initially preset. The count period can be increased or decreased in incre- 
ments of 5.3 psec by changing the preset state. 

I 
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As shown, the counter counts through nine states, clocked by f 3 .  Due to 
the manner in which the WOT instruction is recognized, and the phase of clock 
f 3  relative to clock f2 when the control term S2 is generated, the total delay 
between multiplexing an input and beginning the conversion varies. 

1 
i’ 

The total access time for an analog input is determined as follows: 

(a) Time to recognize instruction and generate multiplex-signals: 
9.35 psec to 12 psec 

(b) Conditioner settling delay period, which is 45.3 f (12 or 14.6)  psec 
i.e., 57.3 or 59.9 psec 

(c) ADC conversion time which is 50.7 for 10 bits (add or subtract 
5.34 psec/bit for more or less bits, respectively) 

Therefore, minimum access time: 117.3 psec; maximum access time: 122.3 psec. 

Once the counter has started it will continue to count through its complete 
counting sequence of 15 states until it is reset again by a WOT instruction. 
This will not, however, alter the required control terms associated with the 
setting of 245, which enables the converter clock. 

6 .3 .  I .4 ADC Loqic and 1/0 Transfer Register 

I The 1/0 transfer register is a multifunction register and is involved in 

puter outputs for digital-to-analog conversion. In an A-D mode the register, 
with associated gating, performs as a successive-approximation converter. In 
the remaining modes the register acts as a parallel entry memory, 

/ analog inputs, storing of discrete inputs from two sources and storing com- 

The register is mechanized with master-slave flip-flops which have both 
synchronous and asynchronous data entry facilities. The synchronous R-S input 
facilities are used for the converter logic; the asynchronous inputs are used 
for parallel data entry. The circuit for this portion of the digital section 
o f  the interface is shown in Figure 6.3-4.  The detailed operation is explained 
below; the two basic operating modes are identified as asynchronous input/output 
transfers, and A-D conversion. 

6.3.1.4.1 Asynchronous Input/Output Transfers 

Discrete data inputs and the computer digital data output form the asyn- 
chronous input/output transfer signals. 

The data are entered into the register via data gates, one for each data 
source. The outputs of the data gates are wire-or connected on a bit-for-bit 
basis. Each wired function is connected to the asynchronous input of the 
associated register cell. To enter these data, the register is first preset 
(cleared); then the chosen data gate is momentarily enabled allowing the data 
at the input to the data gate to enter the register. The clock to the register 
is inhibited during this process, so the contents of the register will remain 
unchanged when the data gate is again inhibited. 
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Three sources of data are shown in Figure 6 . 3 - 4 :  two sets of discretes 
and the computer output. When the computer instruction requires discrete data 
input, the interface control logic will issue the necessary signals to preset 
the register and "enable" the addressed data gate. The computer will then 
interrogate the contents of the register. 

--> 

When the computer instruction requires the register to load the computer 
parallel output data, the same procedure is followed, but the appropriate data 
gate is used. In this case the register output, which is connected to the DAC, 
is not interrogated. Instead, the output of the DAC is demultiplexed to the 
addressed holding circuit, which in turn controls an actuator. 

The DAC always follows the contents of the register, regardless of the 
operating mode. However, since the output of the DAC is only used for A-D 
conversion and D-A conversion, its value is only important when these oper- 
ating modes are selected; in such a case the register is loaded with the 
appropriate number. 

Figure 6.3-4 shows that when the register is preset all stages are "cleared" 
except the most significant bit (MSB) 217, which is "set." In the A-D operating 
mode, in which the register forms part of a successive approximation converter, 
time is saved by having the MSB set when the conversion begins (DAC output is 
mid-scale). Consequently, for discrete and digital data entry the data bit in 
the MSB position of each data gate is inverted to compensate for the "set" con- 
dition of the most significant register bit. 

6 .3 .1 .4 .2  Analog-to-Diqital 

Only the synchronous inputs are used in the analog-to-digital conversion 
operating mode. The register is preset initially to a number (MSB TRUE, all 
other bits FALSE) which produces half-scale output at the DAC connected to the 
converter. 

By successive-approximation method of conversion, the digital equivalent 
of an analog signal is arrived at by trial and error. This involves successive 
approximation of the analog signal, with progressively less significance as the 
convers ion proceeds. 

This technique is inherently faster than an integrating technique, and the 
conversion is completed in a fixed time period, regardless of the value of the 
analog signal. 

The MSB of 
is cleared 
quarter sca 
parator ind 
MSB-I is sw 

The conversion starts by comparison of the mid scale output of the DAC 
and the analog input. The comparator output (not shown in this section of the 
interface) will indicate whether the input is greater or less than midscale. 

he converter is left set if the input is greater than midscale, and 
f the input is less than midscale. The converter now adds one- 
e to the DAC output by setting 218, the (MSB-I). Again, the com- 
cates the quarter of the scale in which the input belongs; the 
tched accordingly. 
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This process is repeated until the least significant bit (LSB) is decided, 
at which point the conversion is complete. 

The use of master-slave register elements requires a single clock signal 
to perform the conversion. 

The conversion process is best illustrated with respect to Figures 6.3-4, 
6.3-5, and 6.3-6. 

CLOCK 

MASTER 
SECT1 ON 

PULSE 

L A V E  
SECT I ON 

1 I '  

I 

Figure 6.3-5. Master-Slave Flip-Flop 

Figure 6.3-5 shows a flip-flop of the type used in the ADC. The points 
defined by fl, f2, f3, and f4 of the clock pulse have the following significance 
relative to the switching action of the flip-flop: 

f I : 

f2: 

f3: 

f4: 

Inhibit the slave section (output) 

Enable the master section (input) 

Inhibit the master section (input) 

Enable the slave section (output) 

This means that data is entered into the flip-flop between the times f2 and f3, 
and the output assumes the state of input of f4. 
allows data to be transferred between adjacent stages (serial shift mode) of 
the ADC register reliably without race problems due to differing propagation 
delays of elements. 

This two-phase operation 
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F i g u r e  6.3-6. Analog- to  D i g i t a l  Conversion Process 
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-? The significance of this facility is that the converter can be mechanized 
using the existing 1/0 transfer register, together with a number of gates which 
generate the set and clear terms for each stage. 

Referring to Figure 6.3-4, each register stage is connected to a clock via 
the buffers 212. The state of the comparator is fed to all stages via the 
buffers 211, and the register is preset via the buffers 214. 

A "carry" signal is generated by the logical AND of the register elements, 
using gates 226, 227, 233, 234, and 235. The carry signal ensures that as each 
stage is "decided" it wi 1 1  remain unchanged during subsequent stage decisions. 

The conversion process relative to the clock is shown in Figure 4.3-6. 

Ten clock pulses are required for complete conversion; the time taken for 
conversion equals 9.5 clock periods, or 50.7 psec. 

6.3.1.4.3 Multiplexer Decoder 

The multiplexer decoder shown in Figure 6.3-7 can select up to 64 channels, 
though only approximately 40 are allocated at present. Each channel is selected 
from an 8 x 8 matrix by choosing the position on each axis with two one-out-of 
eight decoders fed by a split 6-bit binary code. 

Since several conditioners are involved in signal multiplexing it is neces- 
sary t o  multiplex not only input signals, but also conditioner output signals. 
This is done by a postmultiplexer driven by the most significant half of the 
6-bit address code. 

i 

Thus, the most significant 8-position decoder within the interface control 
logic (ZI I )  drives the postmul tiplexer, and the logical AND of one-out-of-the- 
eight signals of both the most significant and least significant decoders (ZII 
and Z9) forms the drive signal to each of the input signal swi.tches of the 
mu1 tip 1 exer. 

For breadboard purposes the multiplexer decoder generates normal and inverted 
signals. The final system will be tailored to suit the exact switching require- 
ments when the signal list is finalized. 

6.3.1.5 Function Interconnections 

The interconnections between the three major sections of the'digital portion 
of the interface are shown in Figure 6.3-8. 

6.3.1.6 Teletype Interface 

Initially, it is intended to connect the control system and the computer 
ground support equipment (GSE) to the computer to provide greater moni toring 
and display facilities than would otherwise be available. Further, with this 
arrangement it will be possible to take advantage of the teletype interface 
within the GSE. 

i 
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A teletype interface will be included in the control system in its final 

form, and this interface is currently undergoing detailed definition and design. 
Most of the existing facilities within the digital portion of the interface can 
be used to create a parallel input/output interface between the computer and 
the teletype unit. 

Additional hardware will amount to an assembler register with associated 
control logic for assembling teletype input and output words. One of the spare 
computer instructions will be used to transfer data from the computer via the 
interface to the teletype for printer/punch. The computer interrupt capability 
will be used to prepare the computer for accepting data from the teletype key- 
board/reader. 

6 .3 .  I .7  Auxiliary Communications 

Though further interfacing with the computer is not defined at present, a 
complete record of all communications within the computer-controlled engine 
control system could be derived by monitoring the computer output bus and input 
bus. 

This would allow a real-time assessment via telemetry, of system perform- 
ance as a whole, and, in the event of a malfunction, a timely correction shut- 
down could be possible. 

If recordings are made, the data could be used to analyze engine and 
control system performance in detail. ) 

The asynchronous nature of the control system and likely recording and/or 
telemetering facilities necessitates engineering of appropriate control logic 
to ensure correct transfer of data. 

6 .3 .  I .8  Monitoring 

A gross check of the status of the interface is made by connecting the 
four analog outputs back into four analog inputs, and one bit of the discrete 
output back into one bit of each of the two discrete inputs. This enables the 
computer to check all of the basic 1/0 functions; it is not possible t o  check 
all signal paths for discrete inputs/outputs. 

Critical discretes could be dealt with by triplication and majority logic 
voting. This technique has not yet been pursued as the total monitoring require- 
ment is not fully established. Further system definition and operation will 
lead to a rigorous analysis of failure modes and effects, and the appropriate 
monitoring techniques. 

The computer operation will be checked by a test routine which will output 
a go/no-go signal. A regular go signal from the computer will be detected by 
a functionally redundant monitor and will control shutdown. A gross check on 
the interface by the computer will be included in the test routine. 
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6.3.2 Fuel  Cont ro l  System Concept 

F i g u r e  6.3-9 shows t h e  system i n  b l o c k  form. Var ious sensor s i g n a l s  a r e  
low- leve l -mu l t ip lexed,  c o n d i t i o n e d  t o  a 0- t o  +5-v range and h i g h - l e v e l -  
m u l t i p l e x e d  i n t o  a comparator;  e r r o r  feedback s i g n a l  f rom the  comparator p e r -  
forms a successive approx imat ion o f  t h e  i n p u t  s i g n a l .  Low-level m u l t i p l e x i n g  
i s  u t i l i z e d  i n  t h e  pressure  t ransducer  and thermocouple channels t o  min imize 
ha rdwa re. 

The ana log  s i g n a l  w i l l  be conver ted i n t o  a I O - b i t  d i g i t a l  s i g n a l  o f  5.34 
y s e c / b i t .  T o t a l  convers ion t ime i s  50.7 ysec. S e t t l i n g  t ime a t  t h e  s t a r t  o f  
each I O - b i t  convers ion i s  57.3-59.9 ysec. Time t o  recognize computer i n s t r u c -  
t i o n  and generate m u l t i p l e x  s w i t c h i n g  i s  9.35 412 psec. T o t a l  access t ime f o r  
a I O - b i t  s i g n a l  i s  117.3 4122.3 (Isec. 

The analog ou tpu t  i n f o r m a t i o n  i s  m u l t i p l e x e d  from t h e  ladder  network 
through a b u f f e r  a m p l i f i e r  t o  a h o l d  a m p l i f i e r  and d r i v e r  where t h e  informa- 
t i o n  i s  a p p r o p r i a t e l y  sca led t o  t h e  r e q u i r e d  c u r r e n t  l e v e l s  i n  o r d e r  t o  d r i v e  
t h e  v a l v e  loads. A minimum updat ing  r a t e  o f  5 samples/sec i n t o  each h o l d  
c i r c u i t  i s  required, w i t h  a t ime o f  I ms a l l o t t e d  f o r  s i g n a l  s e t t l i n g .  

The pressure  sensor s i g n a l  channels a r e  arranged so t h a t  14 sensors a r e  
d r i v e n  from a common e x c i t a t i o n  supply  (IO v )  and each sensor produces approx- 
i m a t e l y  30 mv f u l l - s c a l e  s i g n a l .  The s i g n a l  c o n d i t i o n i n g  a m p l i f i e r  i s  r e f -  
erenced t o  ground t o  a v o i d  common mode v o l t a g e  problems from the  pressure  
sensor b r idge.  A s  t h e  14 pressure sensors a r e  common a t  two po in ts ,  t h e  o u t -  
p u t s  r e q u i r e  double-pole m u l t i p l e x  swi tches i n t o  t h e  s i g n a l  c o n d i t i o n i n g  
a m p l i f i e r  ( i f  b r idges  a r e  connected a t  t h r e e  common p o i n t s  t h e r e  would be 
severe i n t e r a c t i o n  between br idges) .  

) 

Two such low- leve l  m u l t i p l e x e r s  and s i g n a l  c o n d i t i o n e r s  a r e  r e q u i r e d  t o  
accommodate t h e  t o t a l  o f  28 pressure sensors. 

The LVDT channel i s  used t o  sense l i n e a r  displacement o f  t h e  spike.  The 
LVDT i s  s i m i l a r  t o  a t rans former  hav ing  one s t a t i o n a r y  w ind ing  e x c i t e d .  Two 
windings (wound i n  o p p o s i t e  phase) a r e  mechanical l y  a t tached t o  t h e  body whose 
displacement i s  t o  be sensed. Displacement o f  the  core  f rom t h e  n u l l  p o s i t i o n  
produces a v o l t a g e  which i s  e i t h e r  i n  phase o r  ou t  o f  phase w i t h  t h e  e x c i t a -  
t i o n  and whose ampl i tude i s  p r o p o r t i o n a l  t o  t h e  displacement. 

The LVDT i s  e x c i t e d  by an amp1 i t u d e - c o n t r o l  l e d  o s c i  1 l a t o r  a t ’  4-KHz, 5-v  
peak. The s c a l e  f a c t o r  o f  t h e  LVDT i s  0.26 v /v / in .  d isplacement ( f u l l  range 
i s  22.75 in . ) .  The LVDT outpu t  i s  sensed by a b u f f e r  a m p l i f i e r ,  then demodu- 
lated, f i l t e r e d ,  and b i a s - s h i f t e d  t o  produce a v o l t a g e  range o f  approx imate ly  
0 t o  +5 vdc corresponding t o  52.75-in. d isplacement.  

The v o l t a g e  corresponding t o  ram p o s i t i o n  i s  f e d  back t o  t h e  s p i k e  h o l d  
a m p l i f i e r  and d r i v e r  f o r  c o n t r o l  purposes. Th is  s i g n a l  i s  a l s o  h i g h - l e v e l -  
m u l t i p l e x e d  t o  t h e  d i g i t a l  computer f o r  m o n i t o r i n g  purposes. 

< *) 
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'7 The thermocouple channel m u l t i p l e x e s  t h e  d i f f e r e n t  thermocouple o f f s e t s  
t o  c u t  down on hardware. The temperature s i g n a l  c o n d i t i o n e r  w i l l  c o n d i t i o n  
t h e  f u l l - s c a l e  temperature range t o  0-5 v. 
f e d  by an i s o l a t e d  5-v e x c i t a t i o n  supply  and w i l l  temperature-compensate t h e  
h o t  j u n c t i o n  thermocouple, The thermocouple channel mechanizat ion and des ign 
up t o  t h e  h i g h - l e v e l  m u l t i p l e x i n g  w i l l  f o l l o w  t h e  analog temperature c o n t r o l  
mechanizat ion and c i r c u i t  des ign descr ibed i n  para.  6.4. 

,I 

A c o l d  j u n c t i o n  compensation b r i d g e  

Appendix E c o n t a i n s  a c o m p i l a t i o n  o f  data sheets f o r  t h e  var ious  i n t e g r a t e d  
c i r c u i t  devices used i n  t h e  c i r c u i t  d e s c r i p t i o n s  o f  para.  6.3.2. 

6.3.2.1 
(see F igure  6.3-10) 

Analog Pressure I n p u t  S i g n a l ' C o n d i t i o n e r  A m p l i f i e r  (Pressure Sensor) 

T h i s  a m p l i f i e r  i s  n o n i n v e r t i n g  and i s  ar ranged i n  t h r e e  sec t ions .  Closed- 
R15 
R14 loop g a i n  i s  I -F - = 149. 

Z I  i s  a t e m p e r a t u r e - s t a b i l i z e d  d i f f e r e n t i a l  s tage whose c o l l e c t o r  load 
i s  R4 through R8. T y p i c a l  g a i n  f o r  t h i s  s e c t i o n  i s  34 db. 

QI prov ides  a cons tan t  c u r r e n t  source t o  b i a s  t h e  c o l l e c t o r s  o f  the  d i f f e r -  
e n t i a l  s tage Z I  t o  16 PA- Th is  c u r r e n t  w i l l  cause approx imate ly  +4 v drop across 
the  c o l l e c t o r s .  

Q2 i s  an e m i t t e r  f o l l o w e r  b u f f e r  s tage used t o  a v o i d  t h e  i n p u t  b i a s  c u r r e n t  

Z 2  p r o v i d e s  a v o l t a g e  g a i n  o f  92 db nominal. 

I d r i f t  o f  Z2 be ing  r e f l e c t e d  t o  2 1  input .  
i 

2, R I 5  and R14 a r e  t h e  c losed-  
loop ga in  de termin ing  elements and a r e  matched f o r  s c a l i n g  and temperature 
c o e f f i c i e n t .  

P r o v i s i o n  i s  made a t  R6 and R7 f o r  zero  e f f e c t  t r imming o f  t h e  a m p l i f i e r .  
Frequency compensation o f  t h e  a m p l i f i e r  i s  achieved by R I I  C I ,  R I 6  C2, R I 5  C5. 

T y p i c a l l y ,  the  c losed- loop bandwidth i s  200 KHz and may vary  from a p p r o x i -  
mate ly  70 KHz t o  500 KHz corresponding t o  minimum and maximum open-loop gains 
of  I t 4  db t o  136 db. 

A m p l i f i e r  s e t t l i n g  t i m e  i s  a f u n c t i o n  o f  b o t h  t h e  slew r a t e  o f  Z2 and t h e  
c losed-  
percent  

6.3.2.2 

6.3.2.2 

oop bandwidth, and i s  designed t y p i c a l l y  as 25 psec t o  less  than 0.1 
f u l l - s c a l e  s i g n a l .  

M u l t i p l e x i n g  

I Low-Level M u l t i p l e x e r  ( F i g u r e  6.3-1 I )  

Each s w i t c h  c o n s i s t s  o f  a double-pole s i n g l e - t h r o w  s w i t c h  mechanized w i t h  
s i l i c o n i x  MI03 MOS FET's (QI and Q2). Each s w i t c h  r e q u i r e s  a d r i v e r  ( s i l i c o n i x  
D123F) and a gate (DTL 936) f o r  l o g i c  i n t e r f a c i n g .  
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3 RI i s  a p u l l u p  r e q u i r e d  t o  p r o v i d e  t h e  necessary d r i v e  t o  t h e  D123F. R2 
t u r n s  o f f  Q I  and Q2. C R I  enhances t h e  n o i s e  r e j e c t i o n  o f  t h e  D123F. 

Since t h e  maximum ana log  s i g n a l  i n p u t  cou ld  be as much as 50 mv above 
ground when t h e  channel o f f ,  t he  body o f  each MOS i s  b iased a t  +50 mv ( i nc reased  
b i a s  v o l t a g e  would unnecessa r i l y  inc rease leakage c u r r e n t  o f  QI and Q2). 

Swi tch ing  speeds o f  l ess  than I psec  a r e  ob ta ined.  

6.3.2.2-2 High-Level M u l t i p l e x e r  (F igu res  6.3-12, 6.3-13, 6.3-14) 

Th is  m u l t i p l e x e r  switches s i g n a l s  on the  o rde r  o f  5 v f u l l  s c a l e  from t h e  
i npu t  c o n d i t i o n e r s  t o  t h e  comparator. Two channels a r e  a l s o  used as D/A and 

A / D  s e l e c t  swi tch.  
leakage and low on - res i s tance  (approx imate ly  250 ohm). 

The elements se lec ted  (GI l8F)  p r o v i d e  s u f f i c i e n t l y  low 

Sw i t ch ing  speeds less  than 3 ysec a r e  obtained. A h i g h  s e l e c t - i n p u t  t u r n s  
the  channel on. Since t h e  s e l e c t - i n p u t  i s  d r i v e n  from a DTL 936 gate, then 
t h e  ga te  i n p u t  must be low f o r  t h i s  c o n d i t i o n .  

The G118F uses a P channel enhancement mode. MOS FET's a r e  zener d iode 
pro tec ted .  

6.3.2.2-3 Analog Output M u l t i p l e x e r  ( F i g u r e  6.3-13) 

Th is  c o n s i s t s  o f  an FET QI w i t h  a d r i v e r  and a ga te  element f o r  l o g i c  
i n t e r f a c i n g .  Wi th  t h e  s e l e c t - i n p u t  low, Q I  i s  tu rned o f f .  Se lec t  i n p u t  h i g h  
causes QI t o  t u r n  on. RI i s  r e q u i r e d  t o  p r o v i d e  s u f f i c i e n t  d r i v e  c u r r e n t  i n t o  
t h e  D123F d r i v e r .  

i 

R2 p rov ides  f o r  t u r n - o f f  o f  Q.I. 
t i o n  o f  t h e  D123F. Q.1 
p r o v i d i n g  a s u i t a b l y  low "ON-RESISTANCE" f o r  s e t t l i n g  o f  t h e  analog s i g n a l  
i n t o  t h e  ana log  ou tpu t  channel h o l d  c a p a c i t o r  s w i t c h i n g  t imes o f  t h e  m u l t i p l e x e r  
a r e  much less  than t h e  ou tpu t  s igna l  s e t t l i n g  t ime  a l l o t t e d  ( I  ms). 

CRI i s  added t o  enhance t h e  no ise  r e j e c -  
i s  a 2N4222 which p rov ides  low leakage a t  125'C w h i l e  

-. ..._ 

6.3.2.3 LVDT E l e c t r o n i c s  -.-. 

6.3.2.3-1 LVDT Osci 1 l a t o r  ( F i g u r e  6.3-15) 

The o s c i l l a t o r  i s  a Wein-br idge t ype  w i t h  t h e  ampl i tude s t a b i l i z e d  by 
means o f  an AGC loop. A m p l i f i e r  Z I  i s  mechanized as a n o n i n v e r t i n g  b u f f e r  
( w i t h  respect t o  i n p u t  p i n  2 )  and has i t  c losed- loop ga in  determined by R3, 
R4, andRIO i n  p a r a l l e l  w i t h  t h e  Ron o f  Q, which i s  t h e  ga in  c o n t r o l  element. 

RI,  C I ,  R2, C2 a r e  t h e  frequency de termin ing  components and f o r  R I  C I  = R2C2 . 
t h e  

I approx imate ly  (4KHz) 2nR1 C I f =  
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To s u s t a i n  o s c i l l a t i o n  t h e  c losed- loop g a i n  o f  Z I  i s  

Q, i s  used as a b u f f e r  t o  p r o v i d e  c u r r e n t  d r i v e  c a p a b i l i t y .  

C3 i s  used t o  ac couple t o  t h e  o u t p u t  s ince  t h e  load (LVDT) 
t o  dc and a p p r e c i a b l e  dc b i a s  can e x i s t  a t  QI e m i t t e r .  

The o s c i l l a t o r  o u t p u t  i s  ma in ta ined a t  a s i n u s o i d  peak va lue  

ladder re fe rence supply)  by means o f  t h e  A G C  loop. 

s s u s c e p t i b l e  

The A G C  loop has a comparator (Q2, Z2), a h o l d  a m p l i f i e r  (c6, Q3, Q,) and 

a l e v e l - s h i f t i n g  a m p l i f i e r  (Q5 46) w i t h  a c o n t r o l  FET (Q .7 ) .  

Any increase i n  t h e  peak o u t p u t  o f  t h e  o s c i l l a t o r  over  the  re fe rence va lue  
i s  de tec ted  by t h e  comparator which charges c6' The c o n t r o l  s i g n a l  i n c r e a s i n g  
( p o s i t i v e )  a t  t h e  i n p u t  t o  Q3 w i l l  produce a l a r g e r  negat ive  b i a s  a t  t h e  gate 
i n p u t  t o  Q,, thus i n c r e a s i n g  t h e  Ron o f  Q7. This, i n  turn,  reduces t h e  c losed-  
loop g a i n  o f  Z I ,  thus  f o r c i n g  t h e  ampl i tude o f  the  o s c i l l a t o r  t o  decrease. 

6.3.2.3-2 LVDT B u f f e r  A m p l i f i e r  ( F i g u r e  6.3-16) 

\ S ince t h e  LVDT o u t p u t  impedance i s  on t h e  o r d e r  o f  500 ohms a t  4 KHz and 
i s  v a r i a b l e  over  displacement o f  i t s  core, i t s  o u t p u t  must be sensed by a h igh-  
impedance a m p l i f i e r .  T h i s  a m p l i f i e r  i s  a convent iona l  n o n i n v e r t i n g  type  w i t h  
compensation t o  p r o v i d e  a loop g a i n  o f  66 db (nominal )  a t  4 KHz. 

Since t h e  o u t p u t  o f  t h e  b u f f e r  a m p l i f i e r  i s  f u l l - w a v e - r e c t i f i e d  by a 
synchronous demodulator, no dc o f f s e t  adjustment i s  requi red.  I n p u t  peak s i n e  
wave i s  approx imate ly  53.57 v. 

6.3.2.3-3 LVDT Demodulator ( F i g u r e  6.3-17) 

T h i s  i s  a f u l l - w a v e  r e c t i f i e r  achieved by synchronously s w i t c h i n g  t h e  
a m p l i f i e r  Z I  from a n o n i n v e r t i n g  c o n f i g u r a t i o n  ( g a i n  + I )  t o  an i n v e r t i n g  con- 
f i g u r a t i o n  ( g a i n  - I ) .  

N o n i n v e r t i n g  c o n d i t i o n :  

I n v e r t i n g  c o n d i t i o n :  

RI 
R2 

= -v in /R =-v as R~ = 
Vout  I i n  
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The g a i n  c o n f i g u r a t i o n  i s  c o n t r o l l e d  by chopper t r a n s i s t o r  QI which 
switches R3, R4 t o  ground when t h e  re fe rence 4 K H z  i npu t  waveform exceeds 
zero v o l t s .  
I n i t i a l  dc o f f s e t  o f  t he  demodulator i s  trimmed ou t  by R6, R7. Rg and R9 a r e  
requ i red  t o  p r o v i d e  a t t e n u a t i o n  o f  t h e  re fe rence  4 K H z  l e v e l  (5 v )  t o  p revent  
Q2 from s a t u r a t i n g .  

6.3.2.3-4 A c t i v e  F i l t e r  ( F i g u r e  6.3-18) 

- 'i 
Swi tch ing  a m p l i f i e r  Q2 Q3 de tec ts  t h e  zero  v o l t s  crossover p o i n t .  

The i n p u t  i s  f u l l - w a v e - r e c t i f i e d ,  1/2 s i n e  waves a t  4 K H z  and o f  p o s i t i v e  
o r  nega t i ve  p o l a r i t y ;  t h e  ou tpu t  i s  r e q u i r e d  t o  be dc i n  t h e  range o f  0 t o  +5 v. 
Therefore, a c i r c u i t  performs the  dual f u n c t i o n  o f  f i l t e r i n g  and b i a s  s h i f t i n g .  

1 (I+--- (- R3 
+ 'ref R~ + R~ R I  + R2 

R6 = -V (average va 1 ue) 
vou t i n  

f o r  

R3 = R I  + R2 and R5 = 3 R6 

- 'ref  - -vin (average va lue )  + - 
"OU t 2 

The f i l t e r  i s  a 3 -po le  Bu t te rwor th  w i t h  a c u t o f f  frequency o f  200 H z  s ince  
the  f i r s t  frequency component o f  r i p p l e  i s  a t  8 K H z  and t h e  i n f o r m a t i o n  f requency 
(modu la t ion  frequency o f  4 K H z  c a r r i e r  assoc ia ted  w i t h  LVDT displacement s i g n a l )  
i s  i n  t h e  0 t o  10 H z  range. 

The t r a n s f e r  f u n c t i o n  o f  t h e  f i l t e r  i s  

- R3 
G ( s )  = 

As3 + Bs 2 + Cs + D 

whe re  

A = R R R R + C , C 2 C 3  I 2 3 4  
r 1 
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DC 
RETURN 
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THIN FILM I 
b-rsv 

* W I T H  VREF AND INPUT CONNECTED TO S I G N A L  GROUND ADJUST R 9  FOR OUTPUT = 0 f 0.1 MV 

C1 = 0.39 P f  R 1 ,  R2, R 4  - 5k R 9  - T R I M M E D  OR 
C 2  0 .33 Pf R3 - 10k SELECTED RES ISTORS 

C4 = 5100 PPf R5 = 39.9k 
c5 = 200 PPf R 6  - 13.3k 

C3 .= 0.033 P f  R 7  - 1.5k . -- 
S-60742 

C6, C7 = 1 P f  RE - 200k 

Figure 6.3-18. Active Filter 
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and C I  C 2  C3 a r e  scaled t o  approximate t h e  t r a n s f e r  f u n c t i o n  

I 
( s +  I = + s 2 + s +  I )  G ( s )  = 

R and R p r o v i d e  f o r  dc o f f s e t  t r imming o f  t h e  a m p l i f i e r .  8 9 

6.3.2.4 Analog Output 

6.3.2.4-1 Ladder Output B u f f e r  Amp1 i f i e r  ( F i g u r e  6.3-19) 

T h i s  i s  a convent ional  n o n i n v e r t i n g  u n i t y  g a i n  a m p l i f i e r  w i t h  t h e  a d d i t i o n  
of s i g n a l  c lamping a t  t h e  i n p u t  t o  a v o i d  excess ive s i g n a l  l e v e l s  appear ing a t  
t h e  h o l d  a m p l i f i e r  i n  t h e  analog ou tpu t  channels. 

Normal s i g n a l  range i n t o  t h e  b u f f e r  i s  0 t o  approx imate ly  +2.5 v. 

The clamping c i r c u i t  a t  t h e  i n p u t  r e s t r i c t s  the  o u t p u t  t o  a range o f  
i approx imate ly  -0.8 v t o  +4 v. 

Slew r a t e  and bandwidth a r e  n o t  c r i t i c a l  s ince  t h e  load has a s p e c i f i e d  
s e t t i n g  t ime o f  I ms. 

The d r i v e  c a p a b i l i t y  must be on t h e  o r d e r  o f  3.3 ma a t  0 t o  +2.5 v. 

6.3.2.4-2 M a n i f o l d  Fuel Valve H o l d - A m p l i f i e r  and D r i v e r  ( F i g u r e  6.3-20) 

T h i s  c i r c u i t  i s  ar ranged a s  a n o n i n v e r t i n g  u n i t y  ga in a m p l i f i e r  w i t h  t h e  
load connected i n s i d e  t h e  loop. 

The v o l t a g e  across RI  w i l l  equal t h e  i n p u t  vo l tage,  and consequently, t h e  
V i n  
R I  

c u r r e n t  i n  the  load w i l l  be - . 
T h i s  scheme prov ides  an easy and e f f i c i e n t  method o f  m o n i t o r i n g  e l e c t r o n i c  

f a i l u r e s ,  s i n c e  t h e  v o l t a g e  across RI must match t h a t  va lue commanded by t h e  
computer ( w i t h i n  s p e c i f i e d  l i m i t s )  o therw ise  a no-go c o n d i t i o n  e x i s t s .  
Q3 p r o v i d e  t h e  necessary c u r r e n t  gain, w h i l e  t h e  L M l O l  prov ides  t h e  necessary 
v o l t a g e  gain.  
o f  I percent  f o r  an update r a t e  o f  5 per  second. 

Q2 and 

Q I  and C I  were se lec ted  t o  p r o v i d e  f o r  a maximum s i g n a l  droop 
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6.3.2.5 A n a l o g - t o - D i g i t a l  Conversion 

6.3.2.5-1 Comparator ( F i g u r e  6.3-21) 

The comparator c o n s i s t s  o f  an Amelco 807 BE o p e r a t i o n a l  a m p l i f i e r  w i t h  
the  i npu t  diodes clamped f o r  d i f f e r e n t i a l  i npu t  p r o t e c t i o n .  The ou tpu t  i s  a l s o  
clamped t o  produce approx imate ly  -0.6 and +5 v l o g i c  l e v e l s .  O f f s e t  adjustment 
i s  p rov ided  by R3. 

Dec is ion  t ime f o r  t h e  comparator i s  approx imate ly  3.5 psec w i t h  i npu t  
l e v e l s  go ing  from s a t u r a t i o n  t o  5 mv o f  oppos i te  p o l a r i t y .  
depends on CR3 CR4 which serves t o  clamp the c o l l e c t o r s  o f  t he  f i r s t  stage of 
t he  807 BE, and C I  which mechanizes t h e  ou tpu t  s e c t i o n  o f  t he  807 BE as a 
Schmit t  t r i g g e r .  

Comparator speed 

F igu res  6.3-22 and 6.3-23 show t h e  comparator d e c i s i o n  t ime. 

6.3.2.5-2 Reference Supply ( F i g u r e  6.3-24) 

Two temperature-compensated Zener diodes ( C R I  CR2)  and a r e s i s t o r  d i v i d e r  
(R3, R 4 )  a r e  used t o  e s t a b l i s h  a re fe rence v o l t a g e  inpu t  t o  a u n i t y  ga in  non 
i n v e r t i n g  a m p l i f i e r  Z I  and QI. 

F ine  adjustment o f  t h e  ou tpu t  i s  achieved by p r o v i s i o n  f o r  o f f s e t t i n g  Z l .  

Since t h e  supply i s  requ i red  t o  p r i m a r i l y  s i n k  c u r r e n t  from t h e  ladder 
network, R8 i s  used t o  p re load  the  supply t o  accommodate t h i s .  

The response o f  t h e  supply t o  s tep  loads i s  shown i n  F igu re  6.3-25 and 
6-3-26. 
be ing  t h a t  o f  a s i n g l e  b i t  change i n  ladder network. F igu re  6.3-26 shows 
response a t  125OC w i t h  f u l l  load be ing  switched. 

F i g u r e  6.3-25 shows response a t  room temperature w i th  t h e  load s tep 

6.3.2.5-3 Ladder Network ( F i g u r e  6.3-27) 

Th is  network i s  a convent iona l  I O - b i t  ladder network w i t h  t h e  b i a s  i n p u t  
a t  ground and t h e  b i t  i npu t  a t  +5 v o r  ground, depending on t h e  c o n d i t i o n  o f  
t h e  ladder switches. 

For V r e f  = +5 v 

The ou tpu t  = - 'ref  a n 2 n - j  2" 

where n = number o f  b i t s  i n  network 

a = I o r  0 depending on s w i t c h  c o n d i t i o n  
n 

The a d d i t i o n a l  r e s i s t o r  i n  t h e  network p rov ides  balanced source impedances 
f o r  t he  comparator. 
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Figure 6.3-22. HRE Comparator 
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Figure 6.3-23. HRE Comparator 

AIRESEARCH MANUFACTURING DIVISION 
Lo5 Angeles. California 68-3589 

Page 168 



” ‘i 
n cz 
0 

v) 
W u 

c3 

% 
3 e 

0- 

i t -  

\ )  

AIRESEARCH MANUFACTURING DIVISION 
Lo5 Angeles California 68-3589 

Page 169 



F i  gu re  6.3-25. 

F igu re  6.3- 826. 

5 V o l t  Ladder 
Ref e rence Supp 1 y 
Response t o  F u l l  
Load S w i t c h i n g  
a t  125'C. 

Response a t  Room 
Tempera t u  r e  w i t h  
Load Step of a 
S i n g l e  B i t  i n  
Ladder Network 

F-9400 
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Figure 6.3-27. IO-Bit ladder Network 

AIRESEARCH MANUFACTURING DIVISION 
Lo5 Angeles. Calllornia 68-3589 

Page 171 



6.3.2.5-4 Ladder Swi tch ( F i g u r e  6 .3 -28 )  

There a r e  t h r e e  s i n g l e - p o l e  doub le l th row swi tches per  package. Q2 and Q3 
a r e  chopper t r a n s i s t o r s .  When QI  t u r n s  o f f ,  42 swi tches t h e  V r e f  l i n e  t o  t h e  
o u t p u t ;  w i t h  QI t u r n e d  on Q,3 swi tches ground t o  t h e  ou tpu t .  

T y p i c a l  s w i t c h i n g  t imes a r e  on t h e  o r d e r  o f  0.5 psec. 

C R I  i s  a Zener d iode used t o  keep Q2 tu rned o f f  when Q I  and a r e  on. 

CRI w i l l  p r o v i d e  a d ischarge p a t h  f o r  t h e  accumulated charge across 42 base t o  
e m i t t e r  when Q2 has t o  be tu rned o f f .  

i n  t h e  Zener region, dropping 4.7 v across it, d r i v i n g  c u r r e n t  base t o  c o l l e c -  
t o r  o f  Q.2 and causing a very  low Vec sa t  across Q2 o r  4Vref t o  p i n  13. 

range i s  -0.8 v t o  -1-4 v. 

When Qi i s  tu rned o f f  CRI  w i l l  opera te  

Normal i n p u t  t o  the  c i r c u i t  i s  0 t o  approx imate ly  +2.5 v and maximum i n p u t  

Since 2N5199 has a maximum p i n c h o f f  o f  4 v, t h e  maximum common mode s i g n a l  
which can be presented t o  t h e  L M l O l  i s  -1-8 v. 

6 . 4  TEMPERATURE CONTROL 

Dur ing t h i s  r e p o r t i n g  period, c i r c u i t  development e f f o r t  has been d i r e c t e d  
toward complet ion o f  t h e  i n d i v i d u a l  f l o w  channel e l e c t r o n i c s .  The c i r c u i t s  
t h a t  have been breadbQarded i n c l u d e  t h e  m u l t i p l e x e r ,  o f f s e t  and compensation, 
thermocouple a m p l i f i e r ,  storage, sample and hold, and t h e  t i m i n g  c i r c u i t s .  T h i s  
c i r c u i t r y  i s  represented i n  F i g u r e  4.2-2 by t h e  m u l t i p l e x e r  b l o c k  and t h e  f l o w  
c o n t r o l  b lock .  These u n i t s  have been assembled and f u n c t i o n a l  t e s t i n g  has been 
i n i t i a t e d  on t h e  f l o w  channel e l e c t r o n i c s  e x c l u s i v e  o f  t h e  v a l v e  d r i v e r .  The 
v a l v e  d r i v e r  f o r  t h e  temperature c o n t r o l  w i l l  be e s s e n t i a l l y  t h e  same a s  t h e  
d r i v e r  f o r  t h e  f u e l  va lves shown i n  para. 6.3.2.  F i g u r e  6.4-1 shows t h e  f l o w  
channel breadboard c i r c u i t  group. 

) 

6 . 4 .  I Storage C i r c u i t  

6.4.1.1 Funct ion  
. 

T h i s  c i r c u i t  senses and r e t a i n s  t h e  h ighes t  o f  e i g h t  c y c l i c a l ,  c o n d i t i o n e d  
thermocouple s i g n a l s .  A t  t h e  cyc le 's  end, swi tches rese t  t h e  c i r c u i t  ou tpu t  t o  
ground p o t e n t i a  1. 

The h i g h e s t  o f  e i g h t  l e v e l s  c o n t i n u e  t o  be produced s e q u e n t i a l l y  by t h e  
s to rage c i r c u i t  f o r  t ransmiss ion  t o  t h e  subsequent c i r c u i t r y .  T h i s  s i g n a l  
t ransmiss ion  occurs j u s t  p r i o r  t o  each ground rese t  a t  t h e  c o n c l u s i o n  o f  cyc le .  

6 . 4 .  I .2 D e s c r i p t i o n  ( F i g u r e  6 . 4 - 2 )  

O f  pr ime importance i s  t h e  s to rage and d ischarge c a p a b i l i t y  o f  C3. A 
t r a d e o f f  d e c i s i o n  i s  necessary between i t s  magnitude, i n s u l a t i o n  res is tance,  
and surge c u r r e n t  capabi 1 i t  ies .  

1 / 
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F-9387 

Figure 6.4-1. Temperature Control Electronics Interfaced 
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Leakage through d ischarge switches, and c u r r e n t s  drawn b y  load and ampl i -  
f i e r  b i a s i n g  must a l l  be considered over  environment i n  t h e  t r a d e o f f  t o  ensure 
minimum v a r i a t i o n  i n  s i g n a l  ampl i tude f rom t h e  t ime i t  i s  sensed t o  t h e  t i m e  
i t  i s  t r a n s m i t t e d .  

The a m p l i f i e r  dynamics must be s u i t a b l e  t o  t h e  s w i t c h i n g  a p p l i c a t i o n  f o r  
which i t  i s  used. The c a p a c i t i v e  load on t h e  s to rage c i r c u i t  i n h i b i t s  feedback 
f o r  a f i n i t e  t ime p e r i o d  a t  t h e  beg inn ing  o f  a c y c l e  f o r c i n g  ZI  i n t o  s a t u r a t i o n .  
A l s o ,  d ischarge switches, S I  and S2, f o r c e  Z l  i n t o  s a t u r a t i o n  when they  t u r n  on. 
Thus, t h e  recovery f rom s a t u r a t i o n  must be f a s t  enough n o t  t o  i n t e r f e r e  w i t h  
c i r c u i t  performance. I n  a d d i t i o n ,  d u r i n g  normal operat ion,  t h e  c i r c u i t  must 
respond t o  a pu lsed i n p u t  q u i c k  enough y e t  w i t h o u t  overshoot.  The performance 
o f  t h e  s to rage c i r c u i t  i s  i n d i c a t e d  i n  F igures  6.4-3 and 6.4-4.  

Speed i s  accomplished by means o f  compensation components CI, Rg, and C2, 
whi l e  R 2  serves s p i k e  suppression. 

Z l  has load ing  l i m i t a t i o n s  so Q I  serves a s  a b u f f e r  stage. CR2 p r o t e c t s  
t h e  base-emi t t e r  j u n c t i o n  o f  QI a g a i n s t  reverse b i a s i n g  breakdown. 

SCR ( S 2 )  makes p o s s i b l e  q u i c k  d ischarge by h a n d l i n g  a l a r g e  surge c u r r e n t  
from C3. The need t o  c o n t r o l  a t  low v o l t a g e  l e v e l s  makes i t  necessary t o  use 
FET s w i t c h  S I  t o  cancel  o u t  t h e  o f f s e t  o f  t h e  SCR a f t e r  i n i t i a l  d ischarge. 

C R I  p r o t e c t s  t h e  i n p u t  stage o f  Z I  f rom any p o s s i b l e  sp ikes which exceed 

t h e  c i r c u i t  i n p u t  r a t i n g s .  

6 . 4 .  I . 3  Storage Device P a r t s  L i s t  

ZI - m 7 0 9  o p e r a t i o n a l  a m p l i f i e r  

Z 2  - S H 2 0 0 1  c u r r e n t  d r i v e r  

S I  - 2110 BE analog gate 

S 2  - IN877 S C R  

Q I  - 2 N 2 2 2 2  

C R I  - LM103 Zener e f f e c t  dev ice 

CR2 - IN457 

R I  - 100 rs, 5%, 1 / 4  w, carbon composi t ion 

R2  - 51 rs, 5%, 1 / 4  w, carbon composi t ion 

R 3  - 4.7 K, 5%, 1 / 4  w, carbon composi t ion 

AIRESEARCH MANUFACTURING DIVISION 
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F i g u r e  6 .4 -3 .  Performance o f  Storage Dev ice .as  i t  i s  D r i ven  by 
M u l t i p l e x i n g  and Thermocouple A m p l i f i e r  

A 2 ms dura t ion ,  +5 vdc p u l s e  is imputed a t  t h e  beg inn ing  of a cycle, f o l l owed  
by seven, 2 ms ground l e v e l  pu lses.  A f t e r  these, a 3 m s  rese t  p u l s e  b r i n g s  
t h e  ou tpu t  t o  ground leve l ,  ending each c y c l e .  Thus, t h e  p i c t u r e  shows t h e  
s to rage dev i ce  c a p t u r i n g  t h e  i n i t i a l  p u l s e  and r e t a i n i n g  i t  u n t i l  rese t .  

F-9399 
F igu re  6.4-4 .  Storage Device Drop 

With an  i n i t i a l  2 ms d u r a t i o n  i n p u t  a t  t h e  beg inn ing  of the  cycle, t h e  s to rage 
dev ice  shows about a 5 mv s i g n a l  loss  i n  14 m s  of s i g n a l  storage. 
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Is ''1 
J 

220 r, 5%, 1 / 4  w, carbon composi t ion 

510 rs, 5%, 1 / 4  w, carbon composi t ion 

10 K, 5%, 1 / 4  w, carbon composi t ion 

3 0 0  r, 5%, 1 / 4  w, carbon composi t ion 

I .5 K, 5$, I / 4  w, carbon composi t ion 

IO0 rs, 5%, I / 4  w, carbon compos i t i o n  

I K, 576, 1 / 4  w, carbon composi t ion 

100 r, 5%, 1 / 4  w, carbon composi t ion 

100 pf, IO%, 3 5  wvdc, NP 

5 pf ,  IO%, 3 5  wvdc, NP 

3 uf, 5%, 20 wvdc, NP 

0.1 uf, IO%, 3 5  wvdc, p o l a r  

6 . 4 . 2  B u f f e r  Stage 

6.4.2.1 Funct ion  
I 

I s o l a t i o n  between t h e  c a p a c i t i v e  o u t p u t  s to rage c i r c u i t  and c a p a c i t i v e  
i n p u t  sample and h o l d  c i r c u i t  i s  accomplished by adding an i n t e r s t a g e  w i t h  
very  low outpu t  impedance. The c u r r e n t  s i n k i n g  and d e l i v e r y  c a p a b i l i t i e s  
needed t o  d r i v e  a c a p a c i t i v e  load a r e  achieved i n  t h i s  stage. 

6 . 4 . 2 . 2  D e s c r i p t i o n  

The a m p l i f i e r  i s  i n  a v o l t a g e - f o l l o w e r  c o n f i g u r a t i o n .  ZI prov ides  t h e  
h i g h  open-loop g a i n  necessary t o  a t t a i n  t h e  near i n f i n i t e  i n p u t  impedance and 
zero ou tpu t  impedance. 

The emitter-coupled/base-coupled t r a n s i s t o r s ,  QI and Q,2, a1 low both  o u t p u t  
c u r r e n t  d e l i v e r y  and c u r r e n t  d r a i n  t o  d r i v e  t h e  c a p a c i t i v e  load. 

C R I  and CR2 p r o t e c t  t h e  i n p u t  stage o f  ZI f rom exceeding common mode i n p u t  
r a t i n g .  

Performance o f  t h e  b u f f e r  stage i s  i n d i c a t e d  i n  F igures  6 .4 -5 ,  6 . 4 - 6 ,  and 
6 . 4 - 7 .  
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F i g u r e  6.4-6 .  Response of B u f f e r  A m p l i f i e r  t o  Step I n p u t  

F i g u r e  6 . 4 - 7 .  High Gain View o f  B u f f e r  A m p l i f i e r  Overshoot and 
Recovery Time i n  Response t o  Step I n p u t  
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) 6.4.2.3 Buffer Amp1 ifier Parts List 

ZI - uA709 

Ql - 2N2222 

Q2 - 2N2907 

C R I  - IN457 

CR2 - IN457 

R l  - 1.5 K, 1/4 w, 570, carbon composition 

R2 - 500 rs, 1/4 w, 570, carbon composition 

C I  - 200 pf, + I ~ o ,  40 wvdc, nonpolar 

C2 - 20 pf, klq, 40 wvdc, nonpolar 

6.4.3 Sample and Hold 

6.4.3.1 Function 

It is necessary to sample the resulting signal from the peak detector 
(storage circuit) and hold it over a time period during which it is used as a 
control signal. This signal must be accurately updated after each successive 
cycle conclusion. The sample and hold circuit serves this purpose. 

9 

6.4.3.2 Descr i pt ion 

FET switch S2 closes to allow signal transmission to the amplifier. S2 
then opens leaving C I  to store the signal level until S2 closed again. S I  

taneously with S2, making ZI a voltage-follower amplifier. closes simu 

When S 
compensates 
unti 1 a new 

opens, C3 begins to charge up. This feedback effect around ZI 
for the droop of C I  and thus tends to keep the output constant 
signal level is transmitted. This allows the use of relatively 

low capacitance values for C, and C3. 
depends on the matching of leakages through C I  and C3. 

The effectiveness of this compensation 

The performance o f  the sample and hold circuit is indicated in Figures 
6.4-8, 6.4-9, 6.4-10, and 6.4-11. 
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F i g u r e  6 . 4 - 9 .  Sample and Hold C i r c u i t  S igna l  Loss Over One Cycle 

The abrupt  v o l t a g e  l e v e l  change denotes t h e  conc lus ion  o f  one c y c l e  and t h e  
upda t ing  o f  s igna l  t o  i t s  o r i g i n a l  va lue.  An approximate 5 mv s i g n a l  loss 
i s  shown over  one c y c l e .  

F-940 I 
F i g u r e  6.4-10 .  Sine Wave Reconst ruc t ion  

A I cps s i n e  wave i s  m u l t i p l e x e d  i n t o  t h e  thermocouple a m p l i f i e r  and t h e  
s to rage c i r c u i t  c rea tes  p e r i o d i c  l e v e l  s i g n a l s  f o r  t ransmiss ion  t o  Sample and 
Hold. The p i c t u r e  shows t h i s  c i r c u i t  c a p t u r i n g  t h e  s ignal ,  r e t a i n i n g  it, and 
be ing  updated a t  t h e  conc lus ion  o f  each m u l t i p l e x i n g  cyc le .  
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F i g u r e  6.4-11.  Time Scale Expansion o f  F i g u r e  6 . 4 - 7  
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6.4 .3 .3  Sample and Ho ld  C i r c u i t  Par ts  L i s t  

Z I  - uA709 o p e r a t i o n a l  a m p l i f i e r  

Z2 - SH2001 c u r r e n t  d r i v e r  

S I  - 2110 BE analog ga te  

S 2  - 2110 BE analog ga te  

R I  - 510 ohm, 570, 1 / 4  w, carbon compos i t ion  

R2 - 220 ohm, 577, 1 /4  w, carbon composi t ion 

R3 - 1.5 K, 570, 1 / 4  w, carbon compos i t ion  

R4 - 2 .4  K, 573, 1 / 4  w, carbon compos i t ion  

R5 - I O  K, 5%, I / 4  w, carbon compos i t  ion  

R6 - 510 ohm, 59, 1 / 4  w, carbon compos i t ion  

R7 - 220 ohm, 570, 1 / 4  w, carbon compos i t ion  

R8 - I O  K, 57%, 1 / 4  w, carbon compos i t  i o n  

C I  - I uf, 5'76, 35 wvdc, p o l a r  

C2 - 1500 pf ,  +IO%, 35 wvdc, NP 

C3 - I u f ,  5%, 3 .5  wvdc, p o l a r  

C4 - 200 pf ,  +570, 35 wvdc, NP 

6.4 .4  I n p u t  O f f s e t  and Compensation Mechanizat ion 

6 .4 .4 .  I D e s c r i p t i o n  

Two methods o f  temperature compensating the  thermocouple j u n c t i o n s  and 
o f f s e t t i n g  t h e i r  ou tpu ts  have been considered. The f i r s t  method imvolves 
i n c o r p o r a t i n g  t h e  compensation and o f f s e t t i n g  i n t o  a r e s i s t i v e  br. idge f o r  each 
thermocouple w i t h  a d i f f e r e n t  c o n t r o l  temperature (F igu re  6 . 4 - 1 2 ) .  The second 
uses one b r i d g e  w i t h  zero  o f f s e t  f o r  a l l  thermocouples and depends on sequen- 
t i a l l y  s w i t c h i n g  i n  the  o f f s e t s  (F igure  6 .4 -13 ) .  

The f i r s t  method has t h e  advantage o f  a l l o w i n g  v a r i a t i o n  o f  each b r i d g e  
t o  s u i t  each i n d i v i d u a l  sensor and thus improve a t t a i n a b l e  accuracy. Th is  
method a l s o  avoids e l e c t r o n i c s  problems assoc ia ted  s w i t c h i n g  s i g n a l s  i n t o  
a m p l i f i e r s .  The s i z e  and c o s t  o f  t h i s  technique, as compared t o  t h e  a l t e r n a -  
t i v e ,  make the  a l t e r n a t i v e  more d e s i r a b l e .  

2 
\ r  
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The accuracy of this second method depends on the repeatability of thermo- 
couple characteristics, since one thermometer is used to compensate all sensors. 
One advantage is that the offsets are introduced after the thermocouple signals 
have been conditioned by the thermocouple amplifier. Noise and environment 
sensitivity of offsets are thus reduced. This method also reduces appreciably 
the power requirement from that needed when separate bridges are used. 

'I 

Comparisons of cost and size have influenced the decision to attempt this 
second mechanization. 

6.4 .4 .2  Symbol Definitions for Figures 6.4-12  and 6.4-13 

( I )  J(X) - Thermocouple hot junction (sensor) 

( 2 )  U(X) - Thermocouple cold junction 

( 3 )  T(X) - Thermometer resistor 

( 4 )  B(X) - Compensator bridge 

(5) M(X) - Solid-state multiplex switch 

, 
, 

( 6 )  A(X) - Amplifier 

(7) cu - Copper Metal 

( 8 )  co - Constantan metal 

( 9 )  Ch - Chrome1 metal 

6 .4 .4 .3  Explanation of Figure 6.4.4.2 

It is assumed that a different offset i reau i d fo each sens , Thus, 
one sensor multiplex switch (M I 'M8)  closes simulianeously with each appropriate 
offset multiplex switch (MA4MH) and R(A)-+R(B) determine the amount of offset. 

The compensator bridge is in the same environment as the cold junction. 
It is calibrated to yield the same gain and same voltage magnitude as the com- 
bination of cold junctions associated with any one sensor. 

A ( 2 )  conditions the compensator output (Vg), and A(3) sums this signal ( V 3 )  
with the offset signal. The resultant is then introduced into the thermocouple 
amplifier, A ( I ) ,  along with the thermocouple signal (VI). 
fol lows: (Figure 6.4- 13) 

Vout is derived as 
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(3)  

(4 )  

( 5 )  

I I I v4 - -. \,P' 

= R2VI (?;;;. - +  -) - -.R2 
"OU t R E  R 2  > i 

R2*(R8 + R9) + R8*R9*R2 R2 
vou t R8* R9* R2 I - v 4 T  

R2 

R8 - R9 R8 
- v 4  - R2-R8 + R2*R9 -+ R8*R9 = V I  

R6  I R 4  + Rs)  2 - 
R5 R3 + 'ref R ( X )  v 4  = v 2  

where R ( X )  = a p p r o p r i a t e  swi tched i n  'value) 
-. 

1 R2*R8 + R2.R9 + R8*R9 
so v = v ,  [ 

o u t  R8 R9 ( 6 )  

I 

6.4.5 Clock 

6.4.5. I Requirements 

A f ree-running c l o c k  i s  necessary t o  p r o v i d e  t h e  bas ic  f requency f o r  the  
d i g i t a l  t i m i n g  c o n t r o l ,  An a s t a b l e  m u l t i v i b r a t o r  i s  s u f f i c i e n t  f o r  t h i s  pur-  
pose, s i n c e  the  f i xed- f requency  accuracy i s  o n l y  c r i t i c a l  t o  w i t h i n  + I O  percent  
because o f  t h e  response l i m i t a t i o n s  o f  t h e  e l e c t r o n i c s .  

The f i x e d  du ty  cycle,  l ikewise,  can vary over  a wide range w i t h o u t  adverse ly  
a f f e c t i n g  performance, s i n c e  a l o g i c  network d i v i d e s  the  bas ic  f requency by 2 
and swi tches o n l y  on t h e  f a l l i n g  edge of each c l o c k  pulse.  Th is  l o g i c  network a l s o  
ac ts  as a b u f f e r  s tage which squares up t h e  c l o c k  p u l s e  waveform and i s o l a t e s  
from the  c l o c k  t h e  l o a d i n g  by d i g i t a l  t i m i n g  c o n t r o l  c i r c u i t r y .  

The r e l a t i v e l y  low frequency d e s i r e d  (500 cps) a l s o  favors  such a s imp le  
c i r c u i  t. 

6.4.5.2 D e s c r i p t i o n  (F igure  6.4-14) 

coup 
w i t h  
SUPP 

4 

C a l c u l a t i o n s  and breadboard t e s t i n g  prove the  f a c t  t h a t  the  c o l l e c t -  
ed, a s t a b l e  m u l t i v i b r a t o r  s u p p l i e s  a 500-cps + I O  percent  p l u s e  t r a i n  
du ty  c y c l e  v a r i a t i o n  o f  less  than I percent  over  environment and power 
y t r a n s  i ents .  
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QI and @ have l a r g e  base-emi t ter  reverse v o l t a g e  r a t i n g s  (7 v'rnax.) 
compared t o  most o t h e r  t r a n s i s t o r s  o f  the  same s i z e  and power r a t i n g s .  Th is  
enables them t o  take  the  -5 v reverse v o l t a g e  a p p l i e d  upon s w i t c h i n g  s t a t e s .  

) 

C R I  and CR2 compensate f o r  t h e  VBE temperature v a r i a t i o n  o f  QI and Q2 
and thus keep the  frequency more s t a b l e  over  environment. 
p o s s i b l e  t o  keep C R I  and CR2 tu rned on when QI and Q2 a r e  o f f .  

R5 and R6 make i t  

The c l o c k  f requency i s  determined by the t ime constants  R2CI and R3C2. 

These components are, there fore ,  p r e c i s i o n  valued w i t h  low-temperature c o e f f i -  
c i e n t s .  

Z I  i s  a J-K f l i p - f l o p  used t o  square up the  c l o c k  o u t p u t  and i s o l a t e  the  
load. 

Temperature t e s t s  on breadboards c i r c u i t r y  revealed v a r i a t i o n  i n  the  
frequency o u t p u t  o f  the  c l o c k  o f  less  than 3 percent .  

Frequency dependence on power supp ly  v a r i a t i o n  i s  l o g a r i t h m i c  so the  
p r e d i c t a b l e  supply  charge causes a f requency change o f  less than I percent  as 
supported by t e s t  r e s u l t s .  

6.4.5.3 Par ts  L i s t  f o r  Clock 

- 2N910 

- 2N910 

- IN457 

- IN457 

- DtuL 945 

- 0. I uf,  I percent  SOU 

- 0. I u f ,  I percent  SOU 

- 390 K, 55 percent,  1/4 w 

- 7.21 K, 0.25 percent, 1/8 w, 25 ppm/'C 

- 7.21 K, 0.25 percent, 1/8 w, 25 ppm/OC 

- 390 K, +5 percent,  1/4 w 

- 100 K, 5 percent,  1/4 w 

- 100 K, 5 percent,  1/4 w 

. .. i' 
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-%\ 6.5 SYSTEM INTEGRATION J 

The rack assembly which will house the complete breadboard system is 
shown in Figure 6.5-1. 

The top part of the assembly contains the fuel control loop, together 
with stimuli and display facilities; the lower part will contain the tempera- 
ture control loop, also with stimuli and display facilities. 

Initially, system integration will involve the use of the computer test 
console to take advantage of the teletype interface and computer display facil- 
ities. Later, when the fuel control loop contains a teletype interface, it 
will be possible tc divorce the GSE from the control systems. 

At the present time the rack assembly contains only the digital portion 
of the interface which has been checked out functionally. 

Figures 6.5-2 and 6.5-3 show the hardware associated with stimuli/display 
and digital interface, respectively. 

The digital circuit boards can be withdrawn and hinged for checkout; the 
drawer, as a whole, will have the computer mounted on the rear face, and can 
be withdrawn for oven temperature testing. 

The unused board positions of the drawer will house the analog portion of 
the fuel control system, together with the teletype interface for the computer. 

Figure 6.5-4 shows the stimuli/display facilities associated with the fuel 
control loop. 

The top-left section contains a display for the contents of the main 1/0 
transfer register and a calibration check facility for the ADC. 

The center-left section contains a computer output-interface simulator, 
which enables the system to be checked out with simulated computer instructions. 
The instructions are set-up by the two rows of switches and transferred into 
the interface by an initiate signal. 

The lower-left section contains display faci 1 ities for apcode and address 
memories, discrete output memories, and the analog output multiplexer. 

It also contains switches for simulating the discrete inputs. 

The right half of the stimuli/display unit contains potentiometers for 
simulating analog inputs, together with a lamp display to verify correct input 
selection by the multiplexer. 

Analog signals, both inputs and outputs, can be accurately measured using 
the digital voltmeter mounted above the stimuli/display panel. Signals are 
switched into the voltmeter using the selectors mounted at the top-right of 
the panel. 

\ 
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F-9388 

Figure 6.5-1. Control System Rack Assembly 
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Figure 6.5-2. Stimuli/Display Hardware F-9389 
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Figure 6.5-3. Digital Interface Hardware 
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F-9385 

Figure 6.5-4.  Stimul i/Display Faci 1 ities 
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With the facilities shown it is possible to check the operation of the 
fuel control system in all operating modes by single-stepping a control program 
using the computer simulator, and/or running the system with the computer and 
observing the d i sp 1 ays . 

The voltmeter facilities are also available to the temperature control 
loop by switch selection. 

,. , 

1 
I .. . , 
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7.0 FUTURE ACTION 

7.1 ANALYSES 

7.1.1 Temperature and Fuel Control 

Simulation studies that will include the hydrogen turbopump and the fuel 
injectors are continuing. Some further refinement of the heat exchanger simu- 
lation will take place. The complete system simulation will be integrated and 
system perturbation studies will be initiated. 

7. I .2  Static Error 

The system static error analysis was delayed but i s  expected to start 
early in the next report period. 

7.2 SYSTEM STUDY 

Although the failure modes analysis was initiated during the past period, 
the material has been withheld and will be presented in the fifth TDR as a 
cornp 1 ete s ubj ec t . 
7.3 HARDWARE 

7.3.1 Computer 

Engine control programs will be assembled and tested on the computer. 
Diagnostics and executive control routines will be written. The computer will 
be coupled to the breadboard equipment and the interface will be thoroughly 
tested. Several engineering programs will be written to facilitate testing. 

7.3.2 Breadboard Activity 

All final breadboard sections should be completed and tested. System 
integration will be complete with the possible exception of the power supply 
and monitoring circuits. Breadboard control system functional testing will be 
ini t iated. 
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APPENDIX A 

ANALOG SIMULATION DETAILS 

T h i s  appendix descr ibes  t h e  present  s t a t u s  o f  t h e  s imu la to r  
o f  w i  r i n g  diagrams and work ing  documentation. The amp1 i f i e r  ass 
ments represent  a d e f i n i t i v e  d e s c r i p t i o n  w i t h  complete q u a n t i t a t  

i n  t h e  form 
gnment docu- 
ve setup data. 

A d e s c r i p t i o n  o f  changes which have been implemented s ince  -he t h i r d  TDR 
i s  inc luded.  E v o l u t i o n a r y  changes t h a t  a r e  p r e s e n t l y  foreseen a r e  o u t l i n e d  
b r i e f l y .  

The changes which t h e  s imu la to r  has undergone f a l l  i n t o  two c a t e g o r i e s :  
i n t e r n a l  changes i n  t h e  w i r i n g  c o n f i g u r a t i o n  which do no t  t h e o r e t i c a l l y  
change t h e  r e s u l t s  o f  t he  s i m u l a t i o n ;  and e x t e r n a l  changes which mod i fy  t h e  
model and, there fore ,  mod i f y  t h e  r e s u l t s  o f  t h e  s imu la to r .  

The o n l y  e x t e r n a l  change i n  t h e  s i m u l a t o r  was t h e  i n c l u s i o n  o f  a l a r g e r  
l i n e  between t h e  o u t e r s h e l l  o u t l e t  m a n i f o l d  and t h e  main f u e l  plenum, l i n e  8. 
Rather than augment t h i s  change w i t h  paper c a l c u l a t i o n s  o f  t h e  new i n i t i a l  
cond i t i ons ,  t h e  p i p e  was s imp ly  i n s t a l l e d  and t h e  v a l v e  areas were ad jus ted  
t o  p r o v i d e  t h e  c o r r e c t  f lows.  The new i n i t i a l  c o n d i t i o n s  were then read 
f rom t h e  computer. Fu tu re  e x t e r n a l  changes w i l l  i nc lude  more a c c u r a t e l y  
represented valves, new heat exchanger models, and m o d i f i c a t i o n s  t o  update 
the  c o n f i g u r a t i o n s  o f  t h e  l i n e s .  

The i n t e r n a l  changes i n c l u d e  ( 1 )  new sca l ing ,  e.g., bo th  pressures and 
temperatures a r e  sca led  t o  2000 r a t h e r  than 1100 and 1700 as o r i g i n a l l y  
done; ( 2 )  no i se  r e d u c t i o n  ( a l l  t r u n k  l i n e s  a r e  f e d  i n t o  h i g h  i npu t  impedance 
a m p l i f i e r s ,  and i n  genera l  h i g h  c u r r e n t s  a r e  avoided i n  t h e  t r u n k s ;  ( 3 )  a l l  
square roo t  generators  have been rep laced w i t h  double-ended square roo t  
generators  which a r e  capable o f  a c c e p t i n g  bo th  p o s i t i v e  and nega t i ve  i n p u t  s i g n  
s i g n a l s ;  ( 4 )  any m a n i f o l d  which p r e v i o u s l y  used an i n t e g r a t o r  and two i n v e r t i n g  
a m p l i f i e r s  i s  now s imu la ted  w i t h  j u s t  one a m p l i f i e r .  Th i s  l i s t  o f  i n t e r n a l  
changes i s  incomplete, bu t  i t  does g i v e  a rep resen ta t i ve  sampJe. The new 
w i r i n g  diagram and t h e  assoc ia ted  paperwork i s  inc luded i n  t h i s  appendix. 
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APPENDIX B 

MATHEMATICAL MODEL STUDIES - FREQUENCY RESPONSE PERIPHERALS 

INTRODUCTION 

T h i s  appendix descr ibes t h e  f u n c t i o n  o f  t h e  f requency response p e r i -  
phera l  equipment. T h i s  equipment i s  used t o  a u t o m a t i c a l l y  produce Bode p l o t s  
f o r  one decade o f  frequency, and i s  e s s e n t i a l  due t o  the  complex i ty  o f  t h e  
system and t h e  l a r g e  amount o f  f requency response t e s t s  which a r e  t o  be run. 

The accuracy o f  t h e  dev ice  depends on t h e  accuracy o f  two peak d e t e c t o r  
c i r c u i t s ,  and t h e  accuracy o f  t h e  l o g - f u n c t i o n  generators.  Accuracy o f  these 
elements i s  es t imated  a t  $ 1  percent .  

COMMENTS ON PERIPHERAL MECHANIZATION 

The f u n c t i o n  o f  t h e  f requency response p e r i p h e r a l s  was ( 1 )  t o  c o n t r o l  
t h e  f requency o f  t h e  i n p u t  o s c i l l a t i o n ,  ( 2 )  t o  measure ampl i tude o f  t h e  
response s igna l ,  (3)  t o  c a l c u l a t e  t h e  l o g  o f  t h e  gain, and ( 4 )  t o  p l o t  t h e  
resu 1 t s .  

The w i r i n g  diagram f o r  t h i s  dev ice  i s  shown i n  F igure  B-1 .  The f u n c t i o n  
o f  t h e  dev ice  w i l l  be exp la ined by f i r s t  d i s c u s s i n g  t h e  f u n c t i o n s  o f  t h e  

t h e  f u n c t i o n s  o f  t h e  o v e r a l l  system. 
1 i n d i v i d u a l  components (e.g., peak detector ,  d e c i b e l  c a l c u l a t i o n )  and then 

Component D i SCLISS i o n  

The peak d e t e c t o r  has two channels, one f o r  sensing t h e  p o s i t i v e  s i g n a l  
ampl i tude and one f o r  sensing the  n e g a t i v e  s i g n a l  ampl i tude.  The two e r r o r  
sensing a m p l i f i e r s ,  No. 56 and 116, a r e  zero l i m i t e r s .  A m p l i f i e r  56 can have 
o n l y  p o s i t i v e  o u t p u t  values, and t h e r e f o r e  w i l l  o n l y  a l l o w  t h e  va lue  o f  
i n t e g r a t o r  115 t o  decrease, i.e., t o  f o l l o w  t h e  n e g a t i v e  peaks o f  t h e  i n p u t  
s i g n a l s .  Since the  open-loop ga in  o f  t h e  d e t e c t o r s  i s  high, t h e  d e t e c t o r s  
w i l l  f o l l o w  t h e  i n p u t s  q u i t e  c l o s e l y  w h i l e  t h e  i n p u t s  a r e  increas ing.  I n t e -  
g r a t o r  115 w i l l ,  f o r  instance, f o l l o w  a n  i n c r e a s i n g - p o s i t i v e  s i g n a l  ( f r o m  
a m p l i f i e r  25) w i t h  a t i m e  constant  o f  1/1000 sec, which corresponds t o  a 
bandwidth o f  about 160 Hz. Since t h e  frequency o f  t h e  i n p u t  never exceeds 
10 Hz, t h e  peak d e t e c t o r  w i l l  f i n d  t h e  peak ampl i tude w i t h  a h i g h  degree o f  
accuracy. The peak va lues a r e  summed i n t o  t r a c k  and s t o r e  a m p l i f i e r  1 1 1 .  
The o u t p u t  o f  a m p l i f i e r  1 1 1  i s  t h e r e f o r e  equal t o  t h e  peak-to-peak ampl i tude 
o f  t h e  o u t p u t  o f  a m p l i f i e r  24.  

The d e c i b e l  c a l c u l a t i o n  r e l a t e s  i t s  inpu t  t o  an ou tpu t  p r o p o r t i o n a l  t o  
t h e  g a i n  o f  the system i n  dec ibe ls .  The ou tpu t  o f  a m p l i f i e r  79 i s  equal t o  
+1/4 loglo( i n p u t ) .  Since no analog v a r i a b l e  can have a va lue  g r e a t e r  than 
1, t h e  ou tpu t  o f  a m p l i f i e r  79 w i l l  a lways be negat ive.  I f  t h e  i n p u t  t o  t h e  
l o g  f u n c t i o n  was 20 Xo, t h e  ou tpu t  o f  p o t  31 w i l l  be 0.1 l o g  20 Xo. M u l t i -  
p l y i n g  t h i s  s i g n a l  by 10 and adding t h e  l o g  o f  5 t o  i t  produces t h e  f i n a l  

1 ,  
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' '3 output ,  - l o g  (100 Xo) .  S ince t h e  i n p u t  t o  t h e  system : t h e  f o r c i n g  f u n c t i o n )  
has an ampl i tude o f  0.01, t h e  ou tpu t  o f  a m p l i f i e r  80 i s  a l s o  e q u i v a l e n t  t o  
- l o g  (Xo/Xi ) .  I f  Xo = X i ,  t h e  o u t p u t  w i l l  be zero which corresponds t o  zero  
d e c i b e l s  on t h e  X-Y recorder .  I f  Xo = X i / 2  = 0.005, then t h e  o u t p u t  w i l l  be 
- l o g  0.5 = 0.3. Since one computer u n i t  i s  e q u i v a l e n t  t o  10 v, t h i s  i s  3 v. 
Making 3 v correspond t o  -6 db on t h e  X-Y p l o t t e r  e s t a b l i s h e s  t h e  c o r r e c t  
s c a l e  f o r  r e c o r d i n g  t h e  magnitude o f  t h e  ou tpu t  i n  dec ibe ls .  

The frequency c a l c u l a t i o n  produces a s i g n a l  which v a r i e s  f rom 0.1 t o  1.0 
( o r  from 1 v t o  10 v), which i s  p r o p o r t i o n a l  t o  frequency 
change. T h i s  s i g n a l  i s  produced by a m p l i f i e r s  51 and 81. The i n i t i a l  condi -  
t i o n  f o r  a m p l i f i e r  51 i s  0.1. Th is  v a l u e  i s  h e l d  by a m p l i f i e r  81. The i n p u t  
t o  a m p l i f i e r  51 i s  now 0.1 + 0.1 x p o t  56. I f  p o t  56 i s  s e t  t o  0.1, then t h e  
i n p u t  t o  51 i s  0.11. The nex t  t ime t h a t  a m p l i f i e r  51 goes i n t o  t r a c k  mode, 
i t s  va lue  w i l l  become 0.11. A m p l i f i e r  51 then goes i n t o  s t o r e  mode, 81 
gees i n t o  t rack,  and then store,  and t h e  new i n p u t  t o  51 i s  0.121. The 
e f f e c t  o f  t h i s  c i r c u i t  i s  t o  increase t h e  v o l t a g e  of  51 by a constant  f a c t o r  
each t i m e  t h e  t r u c k  and s t o r e  c y c l e  i s  repeated. Since each s tep  m u l t i p l i e s  
f requency by a constant  value, t h e  d i s t a n c e  between steps o f  l o g  f requency 
w i l l  be constant .  The ou tpu t  o f  po t  30 i s  -0.1 l o g  f, and hence i s  always 
p s o i t i v e .  The o u t p u t  o f  a m p l i f i e r  105 i s  1/2 l o g  f, and t h e r e f o r e  w i l l  v a r y  
f rom -0.5 f o r  f = 0.1 t o  0 f o r  f = 1.0. 

System Discuss ion 

f o r  one decade o f  

l 
The o p e r a t i o n  o f  t h e  system i s  synchronized by comparator 7 4 .  I t  s i g n a l s  

J a p o s i t i v e  v a l u e  o f  t h e  system i n p u t  by e m i t t i n g  a l o g i c  1, and n e g a t i v e  va lues 
by a l o g i c  zero.  I t s  s i g n a l  i s  fed  t o  d i f f e r e n t i a t o r  2, which emi ts  a b l i p  
every t ime comparator 74 becomes 1 .  T h i s  b l i p  t e l l s  t h e  binary-coded decimal 
counter  No. 3 t o  increase i t s  count by one. When t h i s  counter  reads 10 o r  
more, and-gate 3A c loses  switches 74 and 104 and takes i n t e g r a t o r s  110 and 
115 o u t  o f  I C  mode: When t h e  count on No. 3 reaches 11, and-gate I D  t e l l s  t a  
t r a c k  and s t o r e  a m p l i f i e r  1 1 1  t o  t r a c k .  When No. 3 reaches 13, and-gate 
IC t e l l s  counter  No. 3 t o  s top  count ing,  and counter  No. 1 t o  s t a r t  count ing.  
Counter No. 1 counts cont inuously ,  g i v i n g  the  system enough t ime t o  p l o t  t h e  
data ( c o n t r o l  o f  t h e  X-Y p l o t t e r  i s  no t  shown i n  F i g u r e  6-1). When counter  
No. 1 reaches 20( i t  counts cont inuous ly ) ,  i t  increments t h e  f requency through 
and-gate 4A. When counter  No. 1 reaches 21, counter  No. 3 rese ts  and resumes 
count ing ;  counter  No. 1 then rese ts  and s tops count ing.  
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APPENDIX C 

MATHEMAT I CA L MODEL STUD I E S 
COMPENSATION CALCULATIONS 

This appendix includes the calculations for the first-order and second- 
order digital compensators, listings of the programs used to calculate numeri- 
cal values, and sample results. 
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I IST  ORDER D I G I T A L  COMPENSATION 

I - s +  I - - -  Eo s + a  cy 

Ei 

0 E i  k 
- B 

s + B  (9 = $ S + I  
- 

I 

+ Eo = Q + Ei 

Z"'  E i  
+ E .  - E i  - - -  0 

E Z'l E 
0 - -  

BT BT Eo a T  CYT I 

I z- I I + - - -  

1 + - - -  
- 0 

E 
- -  

I 
BT BT Ei 

I 
I + U T  Z e r o  a t  + 

I Pole a t  + - 
I + BT 

a -+ 0, Z e r o - +  I 

Z "  I, Eo/Ei -+ I 

0 I + a T Z  
E 

[ ( I  + a T ) Z  - I] 

- -  I -Gc I -- 
- 

Gc ( ( 1  + aT)Z - I ]  

U [ ( I  + BT)Z - I ]  

- az - a - Bz + - 
B [ ( I  + cyT)Z-I] 

AIRESEARCH MANUFACTURING DIVISION 
Los Angeles. California 68-3589 

Page C-3 



\ 
3 

- z(c2-B) - (a!+) - 
B[ ( I  + aT)Z - I ]  

- - (or-B) ( I  - z- 1 )  

I + CUT 

H(S) = CU-B I 
s m j S +  1 og ( I  w T )  

T 

S 
l o g ( l 4 a T )  

T 

H(S) = 

NOTE: B > a' 

B-U S H(S) = - --> B IWT 
+ 1 og ( I taT)  

T 

0 S CR 
E 

E. I +SCR 
- -  -K- 

I 

- KS - 
I s + -  CR 

RC =** log I W T  
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T RC =- log  I+aT 

I T" 0, RC"- a 

T = 0.025 

2ND ORDER D I G I T A L  COMPENSATION 

- -  I -Gc - (z-a) (z-6) ( I  -a) ( I  -y) - (z-a) (z-y) ( I  -a> ( I  - 6 )  

GC 
(z-a) (z-y) ( I  -e> ( I  -6) 

Numerator = Z2(ay - PS - Q, -F B - y + 6 )  

Numerator = Z2[ ( I  -a-y-tary) - ( I  -8-6+86)] 

= z 2 p y  - BS - 

-Z[aBy - am 
r + LB6 - a y  - 

AIRESEARCH MANUFACTURING DIVISION 
Los Angeles California 

a + - + 

+ ays - By6 - a B - y + 6 1  

aB6 - yfX + ayB + ays]  
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SYNTH D I V I D E  

- a y d  +By6 + a  - 8 + y  - 6 
- a + 8  - v + s  

-a8y -F aB6 
uv - 0s 

-@By -?- a86 - ay6 -F By6 + ay - 8 6  

(I-:)( I - 8 j (  1-6) 

(a-8 (v - l ) ( y -6 )  f ( y - 6 ) ( 8 - l ) ( y - a )  

( y - a > (  1-w 1-6 1 
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K ,  K2 
I +  I I n  - 

CY Y S + -  T 

Ho= 
I n  - S 

s +-y 

(a-B)(v-l) - ( y - 6 )  - 
- ( I - @ ) (  1-6)  1-6 

Eo - KS(S+D) 
( S+E) ( S+F) C I R C U I T :  Ei - 

,* FO RMU LAS 

( K I  + K,)2 T 
I I K~ I n  - + K 2  I n  - Y a 

I(-!-) ~n(-!-) 

K/D = 

. T2 EF = 

,." 
.._ 

E - t f  = 
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APPENDIX D 

GENERAL CHARACTERISTICS 

Computer Functions 

The computer performs the following functions: 

Executes 18 instructions as listed in the instruction repertoire 

0 Manually selects any step in a program 

e Manually indexes its program one step at a time 

0 Automatically stops computer operation at any predetermined 
program step 

@ Provides outputs for display of memory words and storage registers 

0 Accepts synchronous parallel digital data under program control 

Transmits parallel digital data under program control 

0 Accepts serial coded digital data 

@ Transmits serial digital data 

Number System 

Information in the computer is organized in groups of eighteen bits called 
words. This word o f  information represents numerical data or a computer instruc- 
tion. Numbers are stored in binary fixed point fractional notation. Negative 
numbers are represented in two's complement form. 

Data Words 

Data words contain one sign bit and 17 magnitude bits,as illustrated 
below. The most significant bit is in bit position 17, the least significant 
in position I .  Positive numbers have a "zero" sign bit; negative numbers, in 
two's complement form, have a "one" sign bit. The two's complement of  a binary 
number is the one's complement plus one added to the least significant bit 
position. The only representation of zero is positive zero. 

The sca1ir;g convention used assumes the binary point is between bit posi- 
tion S and 17 (i.e., all numbers are fractional). However, with proper scaling 
the binary point may be assumed to be anywhere in the number. 

AIRESEARCH MANUFACTURING DIVISION 
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I I I I I  I I I ]  1 ] ) ] ) ] I ]  

18 17 16 15 14 13 12 I I  10 9 8 7 6 5 4 3 2 I 
) 

Y t 
Sign Bit 

Magnitude Bits (17) 

Computer Data Word Format 

Code Sector 
Bit 

Instruction Word 

The instruction word specifies the instruction to be executed and contains 
4 fields as illustrated below: 

~ The operation code is contained in bits 15 through I 8  and represents any 
one of the memory reference instructions available in the instruction reper- 
toire. Bits I through 8 specify the address of the memory cell from which the 

i operand is to be read. 
.J 

In addition to the operation code and the address fields in the command 
word, there is a sector bit (Bit 1 4 ) .  
memory, the sector bit indicates the memory sector in which the operand is 
located. When the sector bit is a ONE, the address portion of the instruction 
refers to the sector specified by the sector register. When the sector bit is 
ZERO, the address portion of the instruction refers to sector zero. 

For those instructions which reference 

In the case of jump type instructions, the SECTOR BIT indicates a jump 
within a sector or a jump to another sector. When the sector bit is a ZERO 
a jump is executed within the sector. When the sector flag is a ONE, an 
external sector jump is performed where the jump address is contained in the 
memory cell addressed by the sector register and the operand address of the 
instruction word. The format of the memory word which contains an external 
transfer address is i 1 lustrated. 

I I I I I I l x l x l  x ' x l x ' x 1 x 1 x l x l x l x  
18 17 16 15 14 13 12 I I  I O  9 8 7 6 5 4 3 2 I 
\ / \ _I 

Y Unused -v Sector 
Jump Address 

External Sector Jump Address Format 
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“ 1  I n s t r u c t i o n  R e p e r t o i r e  

i 

An a l p h a b e t i c  summary o f  computer i n s t r u c t i o n s  i s  presented i n  F igure  D-I. 

I n s  t ruc t ions 

I .  A r i t h m e t i c  Operat ions 

For a r i t h m e t i c  operat ions,  the.SECTOR BIT ( b i t  14) has i t s  normal e f f e c t .  
I f  i t  i s  ZERO, the  address p o r t i o n  (Y) r e f e r s  t o  Sector  0. I f  the  Sector  B i t  
i s  a ONE, Y r e f e r s  t o  an address i n  the  s e c t o r  d e f i n e d  by t h e  conten ts  o f  t h e  
Sector Reg is te r  (SR). The a r i t h m e t i c  opera t ions  a r e  the  f o l l o w i n g :  

Clear  and Add 

The conten ts  o f  e f f e c t i v e  operand address i n  memory, b i t s  I t h r u  18, rep lace  
the  conten ts  o f  the accumulator.  The conten ts  o f  the  e f f e c t i v e  operand address 
i n  memory remain unchanged. 

Add 

The contents  o f  t h e  e f f e c t i v e  operand address i n  memory a r e  a l g e b r a i c a l l y  
added t o  the  contents  o f  t h e  accumulator.  The r e s u l t a n t  sum replaces the  con- 
t e n t s  o f  t h e  accumulator.  The contents  o f  the  e f f e c t i v e  operand address remain 
unchanged. Over f low can occur.  

SUB Y ( 1 0 ) ~  

S u b t r a c t  

The conten ts  o f  the  e f f e c t i v e  operand address i n  memory a r e  a l g e b r a i c a l l y  
s u b t r a c t e d  f rom the  conten ts  o f  the  accumulator.  The r e s u l t a n t  d i f f e r e n c e  
rep laces t h e  contents  o f  the  accumulator. The conten ts  o f  t h e  e f f e c t i v e  operand 
address i n  memory remain unchanged. Over f low can occur.  

L o g i c a l  AND 

The l o g i c a l  p roduc t  o f  the  conten ts  o f  the  accumulator and t h e  contents  
o f  the  e f f e c t i v e  operand address i n  memory i s  formed and t h e  r e s u l t  rep laces 
the  contents  o f  the  accumulator. A ZERO i s  p laced i n t o  the  corresponding b i t  
p o s i t i o n  i n  t h e  accumulator f o r  each ZERO i n  t h e  contents  o f  the  e f f e c t i v e  
operand address i n  memory. The conten ts  o f  the  corresponding b i t  p o s i t i o n s  
i n  the accumulator a r e  unchanged f o r  each ONE i n  the  conten ts  o f  t h e  e f f e c t i v e  
operand address i n  memory. The contents  o f  t h e  e f f e c t i v e  operand address 
memory l o c a t i o n  a r e  unchanged. Over f low i s  n o t  p o s s i b l e .  
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Mu1 tiply 

The contents of the accumulator are multiplied by the contents of the 
effective operand address in memory forming a rounded 17 bit plus sign upper 
product. The resultant product and sign replace the contents of the accumu- 
lator. The effective address in memory remains unchanged, Overflow is not 
possible with this instruction. 

Store Opera t i ons 

For Store instructions the SECTOR BIT (bit 9 )  has its normal effect. 

STA Y ( 6 0 ) 8  

Store Accumulator 

The contents of the accumulator replace the contents of the effective 
operand address in memory. The contents of the accumulator are unchanged. 

STM Y (201, 

Store M Register 

z The contents of the M register replace the contents of the effective 
operand address in memory. The contents of the M register are replaced with 
the I 1  bit address of the command being executed plus one. 

*i 

Shift Operations 

For shift operations, the SECTOR BIT is ignored. 

Accumulator Right Shift 

The contents of the accumulator are shifted right the number of positions 
specified by the least four significant bits of the instruction. The sign bit of 
the accumulator does not change. The sign bit is shifted into the vacant posi- 
tions of the accumulator. Each bit shifted out is lost. A maximum of 31 bits 
shifts may be specified (bits I through 5 all ONE'S). If a shift of 17 or more 
bits is specified bits I through 17 of the accumulator will be the same as the 
sign bit. 

- ALSn (4418 

Accumulator Left Shift 

The contents of the accumulator are shifted left. The number of positions 
specified by the least four significant bits of the instruction. A ZERO replaces 
the least significant bit. A maximum of 31 bit shifts may be specified (bits 
I through 5 all ONE'S) .  
of the accumulator will be zero. 

If a shift of 13 or more bits is specified the contents .,k 

AIRESEARCH MANUFACTURING DlVlSlON 
Los Angeles. California 
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Control Operations 

As mentioned previously, in the case of transfer (or jump) instructions, 
the sector bit has a somewhat different significance. For TRA, TM1,and TZE 
instructions, a ZERO sector bit causes a jump within the sector containing 
the jump instruction to the operand address of the jump instruction. A ONE 
sector bit causes an external jump, i.e., outside the sector containing the 
jump instruction. For an external jump, the jump address is obtained from the 
12 least significant bits of the memory cell addressed by the operand address 
of the jump instruction and the contents of the sector register. 

For a RJP instruction, the jump address is obtained from the 12 least 
significant bits of the memory cell addressed by the operand address. If the 
SECTOR BIT is a ZERO the address portion (Y) refers to sector 0. If the 
SECTOR BIT is ONE, Y refers to an address in the sector defined by the con- 
tents of the sector register. 

I 

The following jump instructions are possible: 

Unconditional Transfer 

If the sector bit is ZERO, the 8 bits of Y replace the least significant 
/ 8 bits of the program counter (L). The next instruction will then be executed 
. from address Y of the sector containing the TRA instruction. 

If the sector bit is ONE, the least significant I I  bits of the effective 
memory cell addressed by Y replace the contents of the program counter (L). 
The next instruction will then be executed from the address stored in the 
effective operand address of the TRA instruction. 

The contents of the accumulator are unchanged. 

- TMI Y ( 2 4 ) 8  

Transfer on Minus Accumulator 

If the sign bit of the accumulator is ONE (i.e., negative accumulator) 
and the sector bit is ZERO, the 8 bits of Y replace the least significant 8 
bits of the program counter (L). The next instruction will then be executed 
from address Y of the sector containing the TMI instruction. 

If the sign bit of the accumulator is ONE and the sector bit is ONE the 
least significant I I  bits of the effective memory cell addressed by Y replace 
the contents of the program counter (L). The next instruction will then be 
executed from the address stored in the effective operand address of the TMI 
i ns t ruc t ion. 

If the sign bit of the accumulator is ZERO (positive accumulator), the 
3 computer proceeds to the next instruction in sequence. 

ARESEARCH MANUFACTURING DIVISION 
Los Angeles. California 68-3589 
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The contents  o f  t h e  accumulator remain unchanged. The magnitude b i t s  o f  -) 
t h e  accumulator a r e  n o t  examined. 

T r a n s f e r  on Zero Accumulator 

I f  t h e  conten ts  o f  t h e  accumulator a r e  ZERO and t h e  s e c t o r  b i t  i s  ZERO, 
t h e  8 b i t s  o f  Y r e p l a c e  t h e  l e a s t  s i g n i f i c a n t  b i t s  o f  the  program counter  (L). 
The nex t  i n s t r u c t i o n  w i l l  then be executed f rom address Y of  t h e  s e c t o r  con- 
t a i n i n g  t h e  TZE i n s t r u c t i o n .  

I f  t h e  contents  o f  t h e  accumulator a r e  ZERO and the  s e c t o r  b i t  i s  ONE, t h e  
l e a s t  s i g n i f i c a n t  I I  b i t s  o f  t h e  memory c e l l  addressed by Y r e p l a c e  t h e  contenRs 
o f  t h e  program counter  (L) .  The nex t  i n s t r u c t i o n  w i l l  then be executed f rom t h e  
address s t o r e d  i n  t h e  e f f e c t i v e  operand address o f  t h e  TZE i n s t r u c t i o n .  

I f  t h e  contents  of t h e  accumulator a r e  n o t  ZERO, the  computer proceeds t o  
the  nex t  i n s t r u c t i o n  i n  sequence. 

The contents  o f  the  accumulator remain unchanged. 

Return Jump 

I f  t h e  s e c t o r  b i t  i s  ZERO, the  l e a s t  s i g n i f i c a n t  12 b i t s  o f  t h e  memory 
. I  

c e l l  addressed by Y i n  s e c t o r  0 rep lace  the  conten ts  o f  the  program counter .  

I f  t h e  SECTOR BIT i s  a ONE, t h e  l e a s t  s i g n i f i c a n t  12 b i t s  o f  memory c e l l  
addressed by Y i n  t h e  s e c t o r  d e f i n e d  by t h e  conten ts  o f  t.he s e c t o r  r e g i s t e r  . 
rep lace  t h e  contents  of  t h e  program counter .  

, 

The conten ts  o f  t h e  accumulator remain unchanged. 

- HLT (Pseudo I n s t r u c t  i o n  u s i n g  DOT) 

H a l t  and Proceed 

The computer s tops i t s  o p e r a t i o n  and en ters  an i d l e  mode. When a r e s t a r t  
s i g n a l  i s  received, t h e  computer takes i t s  nex t  i n s t r u c t i o n  f rom L + I and 
proceeds f rom there.  Th is  i n s t r u c t i o n  can be used o n l y  d u r i n g  nonoperat ional ,  
i . e., t e s t  condi  t ions.  

- NOP (Pseudo I n s t r u c t  i o n  u s i n g  DOT) 

No Operat ion 

The computer performs no o p e r a t i o n  f o r  one word t ime then takes i t s  nex t  
i n s t r u c t i o n  from L + I and proceeds f rom there.  

68-3589 
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Input/Output 

Two instructions provide the input/output interface for the Arma computer. 
.- / -1 

A general description of these instructions is presented below. 

DIN Y ( O 0 I 8  

DATA IN 

In the input instruction the SECTOR BIT does not effect sector addressing. 
The SECTOR BIT enables the computer to distinguish between accepting parallel 
input data or serial input data. 

When the SECTOR BIT is a ZERO the computer will replace the contents of , 
Y where Y is an address in Sector 0 with the status of 18 parallel input data 
lines. The contents of the accumulator remain unchanged. 

When the SECTOR BIT is a ONE the computer will replace the contents of 
the accumulator with the status of the input lines addressed by Y. Y limits 
the number of inputs to 256 (28) input lines. 

DOT Y ( 3 4 ) 8  

DATA OUT 

In the Data Out instruction, the SECTOR BIT (bit 14) has its normal effect. 
When the SECTOR BIT is a ZERO the address portion of the instruction work refers 
to Sector 0. When the SECTOR BIT is a ONE the address portion refers to memory 
sector currently addressed by the sector register. 

The contents of the effective operand address in memory is transferred . 
to the MOR and decoded to generate required pseudo instructions, miscellaneous 
output controls and address data. I 

The contents of the accumulator remain unchanged. 

WOT Y ( 5 4 ) 8  

WORD OUT 

In the Word Out output instruction, the SECTOR BIT (bit 14) has its normal 
effect. When the SECTOR BIT is a ZERO the address portion of the instruction 
word refers to Sector 0. When the SECTOR BIT is a ONE the address portion refers 
to memory sector currently addressed by the sector register. 

In this instruction the contents of effective operand address in memory is 
transferred to the memory output register (MOR) and the data is made available 
external to the computer. This instruction enables the computer to transfer 
18 bits of parallel digital data external to the computer. 

The contents of the accumulator remain unchanged. 

68-3589 
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P ROC ES S OR 0 P ERAT I 0 N 

The i n s t r u c t i o n  f l o w  and da ta  f l o w  a r e  shown i n  F igures D-2 and D-3 respec- 
t i v e l y .  The var ious  computer r e g i s t e r s  and t h e i r  f u n c t i o n s  a r e  as f o l l o w s :  

Accumulator (AC) 

Th i s  i s  an 18 -b i t  r e g i s t e r  w i t h  t h e  f o l l o w i n g  func t i ons :  

@ A d d i t i o n  and s u b t r a c t i o n  take  p l a c e  i n  t h e  AC. 

@ I n f o r m a t i o n  t o  be s t o r e d  i n  a s to rage  c e l l  a r e  p laced f i r s t  i n  t h e  AC. 

@ I n  a m u l t i p l i c a t i o n  operat ion,  the  m u l t i p l i e r  i s  i n  t h e  AC a t  word , 
t ime I, and the  seventeen most s i g n i f i c a n t  b i t s  o f  t he  produc t  p lus  
the  s i g n  i s  s t o r e d  i n  the  AC a t  word t ime  19 o f  the  cyc le .  

@ I n p u t  d i s c r e t e s  and BCD i n fo rma t ion  a r e  rece ived  i n t o  t h e  computer 
v i  a the  accumulator. 

The l o g i c a l  "AND Accumulator" i n s t r u c t i o n  forms i n  the  AC w i t h  the  
l o g i c a l  "AND" p roduc t  o f  the  o r i g i n a l  con ten ts  o f  t he  accumulator 
and t h e  conten ts  o f  a s to rage c e l l .  

@ The conten ts  o f  AC can be s h i f t e d  l e f t  o r  r i g h t .  

@ The accumulator i s  no t  r e s e t  dynamica l l y  when power i s  tu rned on. 

Sector  Reg is te r  (SR) 

Th i s  i s  a 4 - b i t  r e g i s t e r  which s p e c i f i e s  the  sec to r  o f  the  operand be ing  
Th is  r e g i s t e r  can be s e t  f rom (O)8 t o  (7)8 v i a  a DOT i n s t r u c t i o n .  addressed. 

Th is  r e g i s t e r  i s  n o t  dynamica l l y  r e s e t  when power i s  tu rned on. 

M u l t i p l i e r  Reg is te r  (M) 

Th is  1 8 - b i t  r e g i s t e r  serves a dual f u n c t i o n .  Dur ing  t h e  m u l t i p l i c a t i o n  
process, i t  con ta ins  t h e  m u l t i p l i e r .  Each word t ime the  conten ts  of M a r e  
s h i f t e d  one p lace  t o  a l l o w  examinat ion o f  each m u l t i p l i e r  b i t  s t a r t i n g  w i t h  
the  l e a s t  s i g n i f i c a n t .  I t  a l s o  is used t o  h o l d  a number equal t o  I more than 
the  address o f  t he  i n s t r u c t i o n  be ing  executed except d u r i n g  the  f i r s t  computer 
word t ime  a f t e r  power i s  tu rned on. An STM command w i l l  cause t h e  conten ts  of  
M t o  be s t o r e d  i n  a work ing  s to rage c e l l .  Th i s  r e g i s t e r  t h e r e f o r e  prov ides  
a l i nkage  between a main program and a subrout ine .  Th is  r e g i s t e r  i s  n o t  dynam- 
i c a l l y  r e s e t  when power i s  tu rned on. 

Memory Output Reg is te r  (MOR) 

Th is  i s  an 18-b i t  r e g i s t e r  which a l s o  serves a dual f u n c t i o n .  I t  i s  used 
i n  the  t ransmiss ion  o f  da ta  t o  o r  f rom memory. I t  i s  a l s o  u t i l i z e d  i n  t h e  
execut ion  o f  DOT i n s t r u c t i o n s .  I t s  con ten ts  a r e  s e t  by a DOT i n s t r u c t i o n  and 
a re  then decoded t o  p r o v i d e  var ious  i n t e r n a l  funct ions,  outputs, e t c .  Th i s  
r e g i s t e r  i s  dynamica l l y  r e s e t  when power i s . t u r n e d  on. 

2 
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Program Counter (L) ‘1 
This is a 12-bit register which contains the address of the next instruc- 

tion to be executed. The contents of the L register are incremented by one each 
time an instruction is executed. A branch instruction causes the transfer 
address to replace the contents of the L register. This register is dynamically 
reset to (0400)8 when power is turned on. 

Instruction Register (I) 

This is a 4-bit register which contains the command code of the instruction 
being executed. This register is dynamically reset when power is turned on. 

Operand Address Register (P) 

This is an 8-bit register which contains the address field of the instruc- 
tion being executed. During right shift it is used as a counter. This register 
is dynamically reset when power is turned on. 

Sector Bit Register (S) 

This is a one-bit register which holds the sector flag bit to determine 
whether an operand address refers to scratchpad or a program storage sector as 
specified by the contents of the Sector Register (SR). 
dynamically reset when power is turned on. 

The S register is 

i Memory Organization 

The memory system block diagram shown in Figure 0-4 is a major component 
breakdown of the four functional sections. Each section is covered in the 
fol lowing paragraphs. 

Memory Stack 

Computer information (both data and instructions) is retained in the 
memory stack which is composed of single-hole ferrite cores. The total com- 
puter memory consists of 4096 words of 18 bits. It contains 72,936 single 
hole ferrite cores and employs conventional coincident current memory tech- 
niques for read and store operations. All storage is non-volatile and infor- 
mation is not lost when power is shut off and then reapplied. 

Timinq and Control Section 

The timing and control section provides intramemory timing and control 
for all of the memory logic sections. It contains the timing flip-flops and 
control gates required to generate the required timing pulses and is contained 
on two printed circuit cards. The processor presents the memory cycle com- 
mands to the timing and control section and the memory responds to the control 
pulses generated by these commands. 
Clear-Whi te and Read-Restore. 

Two modes of operation are avai’lable: 

AIRESEARCH MANUFACTURING DIVISION 
Los Angeles California 68-3589 
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ADDRESS I N  

I I NH 
1-1 AND 

STROB E 
R/W T I M  I NG -1 AND 

TIM I NG 

I I CONTROL 

READ - CLEAR- 
RESTORE WR I TE 

F igure  0-4. Memory System Block Diagram 
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Los Angeles California 
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-\ Address Selection 
B 

Address selection section contains the electronic components required to 
select any random address. The current drivers and selectors combine to pro- 
vide the required drive current necessary for a read or write operation. The 
binary coded address inputs are presented to the memory from an external address 
register. These inputs are then divided into true and false components to accom- 
modate multiple address decoding. 

The memory unit is divided into 16 sectors of 256 words each. The sectors 
are numbered 0 through 15. Figure D-5 illustrates the assignment of memory 
addresses. 

Data Control 

The data control section provides the electron 
loading and unloading process of the memory system. 
loaded into the memory by way of inhibit drivers or 
by way of the sense amplifiers. The processing equ 
of memory cycle to be performed and presents all of 

AIRESEARCH MANUFACTURING DIVISION 
Los Angeles Calilornia 

cs necessary to control the 
During each cycle, data is 
unloaded from the memory 
pment establishes the type 
the required inputs. 
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Sector 1 2 1 1 1 0 9 8 7 6 5 4 3 2 1  

0 0 0 o o x x x x x x x x  
I 0 0 o l x x x x x x x x  
2 0 0  l o x x x x x x x x  
3 0 0  I l x x x x x x x x  
4 0 I o o x x x x x x x x  
5 0 I o l x x x x x x x x  
6 0 I l o x x x x x x x x  
7 0 I I l x x x x x x x x  
8 I 0 o o x x x x x x x x  
9 I 0 o l x x x x x x x x  

10 I 0 l o x x x x x x x x  
I I  0 0  I l x x x x x x x x  
12 0 I o o x x x x x x x x  
13 0 I o l x x x x x x x x  
14 0 I l o x x x x x x x x  
15 0 I I l x x x x x x x x  

i 

Figure 0-5. Address Bit Configuration 

Octa 1 
Representation 

0000-0377 

0400- 0777 

1000- I377 

1400- I777 

2000-2377 

2400-2777 

3000-3377 

3400-3777 

4000-4377 

4400-4777 

5000-5377 

5400-57 77 

6000-6377 

6400- 6777 

7000- 7377 

7400-777 7 
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A P P E N D I X  E 

INTEGRATED C I R C U I T  DATA SHEETS 

AIRESEARCH MANUFACTURING DIVISION 
Los Angeles California 

6813589 
P a g e  E-1 



'3 

Amelco 807BE 

Fairchild uA709C 

Fairchi Id uA710 

Fai rchi Id uA726 

National LMlOl 

Siliconix G116F to G119F series 

INTEGRATED CIRCUIT DATA SHEETS 

AIRESEARCH MANUFACTURING DIVISION 
Los Angeles. Califorma 
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AMELCO INTEGRATED OPERATIONAL AMPLIFIER 807BE 

The Amelco 807BE operational amplifier is designed for ultra-high per- 
formance applications and features silicon planar construction on a single 
monolithic substrate. Outstanding electrical characteristics include low 
offset voltage and current, high input impedance, high common mode 
input range, excellent thermal stability and output short-circuit protection. 

IO  

- 
_- 

TEMPERATURE RANGE: 
807 BE 

Temperature Range -65°C to +150°C 

Temperature Range -55°C to +125"C 

Maximum Supply k18 V 

Maximum Operating *15 V 

(storage) 

(operating) 

Voltages 

Voltages 

POWER S U P P L Y  REQUIREMENT: Typ 

Vcc='15 V 6 ma 

AIRESEARCH MANUFACTURING DIVISION 
Lo5 Angeles Calltornla 

Max 
1.5 ma 

E Package 
(TO-5) 

PHYSICAL DIMENSIONS 
IN ACCORDANCE W I T H  
J E D E C  (TO 5 )  OUTLINE 

EXCEPT FOR PIN CONFIGURATION 
AN0 CAN HEIGHT 

. o s  

.DI 5 

459 

,028 .029 

PIN 5 IS INTERNALLY CONNECTED TO CASE 
NOTE: ALL DIMENSIONS IN INCHES 

Complete part number designa- 
tion consists of three digits and 
two letters, for example: 

807 BE -c !::;::tu re Range 
C i rcu it 

68-3589 
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ELECTRICAL CHARACTERISTICS at 25°C (Unless Otherwise Specified) 

Open Loop Voltage Gain 

Input Offset Voltage 

Input Offset Voltage 

Input Offset Voltage Drift 

Input Offset Voltage Drift1 

Input Bias Current 

Input Offset Current 

Input Offset Current Drift 

Input Impedance 

Common Mode Range (Vcc= * 15 V) 

Common Mode Rejection Ratio 

Power Supply Rejection Ratio 

Output Impedance 

Output Voltage Swing (Vcc=*15 V) 
(No Load) 

Output Voltage Swing (Vcc=-c15 V) 
(1K Load) 

(-55°C to +125"C) 

Min. 
25,000 

500 

*7 

24 

20 

TY P- 
60,000 

1 

1.5 

3' 

2 

250 

30 

.5 

1000 

28  

-90 

-80 

150 

26 

24 

NOTE (1) With Input Offset Voltaka adjusted to zero at +25'C. 

PIN I 

RECOMMENDED O F F S E T  ADJUSTMENT 

AIRESEARCH MANUFACTURING DIVISION 
Los Angeles Caldorma 

Max. 

2.5 

3.0 

10 

5 

500 

50 

80 

-70 
300 

Units 

v/v 
mV 

m V  

d / " C  

UVl0C 

nA 

nA 

nA/"C 

KCl 

V 

db 

db 

n 

VPP 

VPP 
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Open Loop Gain 

Temperature 
vs 

__. +-. --t -..--c- 

I [  T. 
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I 
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--@J- IOOcP5 

Input Offset Current 

Temperature 
vs 

5 40 
W 

20 

100 

00 

' 40 

ii 
W 

20 

TEMPERATURE-OC 

Gain vs Frequency 

100 

80 
cn 
J 
W 

3 60 
W 
0 

m 

40 
z 
z a 
W 

2 0  

0 

0 

I KC IO KC K)(1 KC I Y C  IOWC 

FREOUENCY 

Frequency Response 

FREQUENCY 
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Common Mode Rejection Ratio 
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FAIRCHILD LINEAR INTEGRATED CIRCUITS 
'--) 

GENERAL DESCRIPTIONS - The pA709C is a high-gain operational amplifier constructed on a 
single silicon chip using the Fairchild Planar epitaxial process. It features low offset, high 
input impedance, large input common mode range, high output swing under load and low power 
consumption. The device displays exceptional temperature stability and will operate over a 
wide range of supply voltages with little degradation of performance. The amplifier is in- 
tended for use in DC servo systems, high impedance analog computers, in low-level instru- 
mentation applications and for the generation of special linear and nonlinear transfer functions. 
For full temperature range (-55°C to +125"C) see yA709 data sheet. 
ABSOLUTE MAXIMUM RATINGS 

Supply Voltage i18 V 
Internal Power Dissipation (Note 1) 250 mW 

Differential Input Voltage i5.0 V 
Input Voltage i 10 v 
Output Short-circuit Duration (TA = 25°C) 5 sec 

Operating Temperature Range 0°C to +70°C 
Lead Temperature (Soldering, 60 sec) 300°C 

Storage Temperature Range -65°C to + 150°C 

I I U I  
h 3  
7SO 

R11 
24kO 

ov- 
~ 

NOTE 1: Rating applies for ambient temperatures to +7OoC. 

AIRESEARCH MANUFACTURING DIVISION 
L s  Angeles Californta 

CONNECTION DIAGRAM 

ion ll.(LO*I. 

(Top View) 
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FAIRCHILD LINEAR INTEGRATED CIRCUITS uA709C 

0 . '  0 

ELECTRICAL CHARACTERISTICS (Vs = f 15V, TA = 25°C unless otherwise specified) 
/ 

I I I I I I I I  

Parameter  Conditions Min. Typ. Max. Units 

Input Offset Voltage R S - < 1 0 k R , i 9 V  _ < V s - < i 1 5 V  

Input Offset Current  

Input Bias Current  

Input Resistance 

Output Resistance 
Large-Signal Voltage Gain R L > 2 k R p V o u t =  i 1 O V  

Output Voltage Swing RL 2 10 kR 

RL 2 2 k R  

RS _< lOkR 

RS _< lOkR 

V. = 20 mV, R = 2 kR, 

C1 = 5000 pF, R1 = 1.5 kR, 
C2 = 200 pF, R2 = 50 52 

Input Voltage Range 
Common Mode Rejection Ratio 

Supply Voltage Rejection Ratio 

Power Consumption 
Transient Response in L 

Risetime 

Overshoot CL _< 100 pF  

The following specifications apply for 0°C _< T A  _<+7OoC 

Input Offset Voltage 

Input Offset Current  

Input Bias Current  

RS 5 1 0 k R , t 9 V < + 1 5 V  

Large-Gignal Voltage Gain RL 2 2kR,Vout = i 1OV 

Input Resistance 

50 

15,000 

t 12 

f 10 
i8.0 

65 

12,000 

35 

2.0 

100 

0.3 
250 

150 

45,000 

f 14 
i 13 

f 10 
90 

25 

80 

0.3 

10 

7.5 
500 

1.5 

200 

200 

1.0 

30 

10 
750 

2.0 

mV 

nA 

/LA 
k R  
R 

V 
V 

V 
dB 

PV/V 

mW 

IrS 

s 

mV 
nA 

/LA 

k R  
~ 

GUARANTEED ELECTRICAL CHARACTERISTICS 

VOLTAGE TRANSFER 
CHARACTERISTIC 

Is 

LO 

> I  

: o  

P -I 

Y 

-. 
> 
c 

r s 

-Is 
-1 .0-e l l -0 .6-0 .1-0 .2  0 0.2 0.4 0.6 0.1 1.0 

INPUT VOLTAGE - m V  

OUTPUT VOLTAGE SWING 
a 

a 
> 

r "  
$ 3 IO 
w 
1. 

e A 
I S  

Pzwm%Es SUPPLY VOLTAGE - f V  

INPUT COMMON MOOE 
VOLTAGE RANGE 

v w 1 1 1 2 u u I S  
SUPPLY VOLTAGE - t V 

T Y P I C A L  P E R F O R M A N C E  C U R V E S  
FREQUENCY 

RESPONSE FOR VARIOUS 

FREQUENCY 
COMPEN SA TlON 
CIRCUIT 

- 1  

amplifier is operated with 
U capacitive loading. 

_. 
CLOSED-LOOP GAINS 

Fairchild cannot assume responsibility for use of any circuitry described other than Circuitry entirely embodied in  a Fairchild product. No other circuit patent licenses are implied 

AIRESEARCH MANUFACTURING DIVISION 
LO5 Angeles California 
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F A I R C H I L D  LINEAR INTEGRATED C I R C U I T S  

PP IMPROVED SPECIFICATIONS 
0 2 mV MAXIMUhl OFFSET VOLTAGE 

e 1250 MlNlhlUM VOLTAGE GAIN 
8 3 pA MAXIMUM OFFSET CURRENT 

8 10 pV/"C MAXIMUM OFFSET VOLTAGE DRIFT 

GENERAL DESCRIPTION -The pA710 is a dif ferential voltage comparator intended for applications requir- 
ing  high accuracy and fast response times. It is constructed on a single silicon chip using the Fairchild Planar* 
epitaxial process. The device is useful as a variable threshold Schmidt trigger, a pulse height discriminator, a volt- 
age comparator i n  high-speed A-D converters, a memory sense amplifier or a high-noise immunity l ine receiver. The 
output of the comparator i s  compatible wi th  al l  integrated logic forms. 

ABSOLUTE MAXIMUM RATINGS 
Positive Supply Voltage 
Negative Supply Voltage 
Peak Output Current 
Differential Input Voltage 
Input Voltage 
Internal Power Dissipation 

TO-99 [Note 11 
Flat Package [Note 21 

Operating Temperature Range 
Storage Temperature Range 
Lead Temperature (Soldering, 60 s e d  

+ 14.0 V 

10 mA 
k5.0 V 
k7.0 V 

-7.0 V 

300 mW 
200 mW 

- 5 5 O C  t o  + 125OC 
- 6 5 O C  to + 150OC 

3OOOC 

TO-99 CONNECTION DIAGRAM 
(TOP VIEW) 

V t  

NOW INVERTING 

v- 
Note: Pin 4 connected to case. 

FLAT PACKAGE CONNECTION DIAGRAM 

(TOP VIEW) 

non INVERTING 

Notes on page 2 

AIRESEARCH MANUFACTURING DIVISION 
Los Angeles. California 

SCHEMATIC DIAGRAM 

PHYSICAL DIMENSIONS 
m accordance with 

JEDECITO-99) outline 

c.200 TP4 

ORDER PART NO. 
U58771031X 

PHYSICAL DIMENSIONS 
WPICAL FLAT PACKAGE) 

(TOP VIEW] 

ORDER PART NO. 
U3H771031X 

" Planar is a patented Fairchild process. 

68-3589 
Page E-8 



FAIRCHILD LINEAR INTEGRATED CIRCUITS pA710 I 

ZLECTRICAL CHARACTERISTICS (TA = +25'C, V. = 12.0V. V = -6.OV unless otherbvise specified) 
-___ 

PARAMETER 
(see definitions) 

CONDITIONS 
(Note 4) MIN. TYP. 

Input Offset Voltage 
Input Offset Current 
input Bias Current 
Voltage Gain 
Output Resistance 
Output Sink Current 
Response Time [Note 31 

Rr 5 20052 

AV," 2 5 mV, V.., = 0 

The following specifications apply for -55OC 5 TA 5 + 125OC: 

input Offset Voltage 
Average Temperature Coefficient of Input 

Offset Voltage 
Input Offset Current 

Average Temperature Coefficient of Input 
Offset Current 

input Bias Current 
input Voltage Range 
Common Mode Rejection Ratio 
Differential Input Voltage Range 
Voltage Gain 
Positive Output Level 
Negative Output Level 
Output Sink Current 

Positive Supply Current 
Negative Supply Current 
Power Consumption 

Rr 5 200n 
Rr = 503, T A  = 25°C to TA = + 125°C 
Rr = 503, TA = 25'C to TA = -55°C 
T A  = +125OC 
TA = -55°C 

TA = -55°C 
V- = -7.OV 
R s  5 20052 

0.6 
0.75 

13 
1250 1700 

200 
2.0 2.5 

40 

3.5 
2.7 

0.25 
1.8 
5.0 
15 
27 

80 100 
k5.0 

k5.0 
1000 

2.5 3.2 
- 1.0 - 0.5 

0.5 1.7 
1.0 . 2.3 

5.2 
4.6 
90 

MAX. UNITS 

2.0 
3.0 
20 

3.0 
10 
10 

3.0 
7.0 
25 
75 
45 

4.0 
0 

9.0 
7.0 
150 

mV 
PA 
PA 

n 
rnA 
ns 

mV 
PVI"C 
PVIOC 
PA 

PA 
nAlOC 
nA/OC 
PA 

V 
dB 
V 

V 
V 
mA 
rnA 
rnA 
mA 
mW 

N O T E S  
11) R j t ~ n g  applies for case temperatures to i 125°C; derate Itnearly at 5.6 m W P C  for amblent temperatures above +105"C. 
(21 Derate linearly at 4.4 mW;-C for case temperatures above +115"C; derate linearly at 3.3 mVJ/"C for ambient temperatures above +lOO"C. 
(3) The response time spmfled (see  deimitionsl IS for a 10O-mV input step with 5-mV overdrive. 

(4) The mput oftset voltage and input of fset  current (see deftnitions) are specified for a logic threshold voltage of 1.8V at -55"C, 1.4V at 4 25°C and 1.OV at  +125"C. 

AIRESEARCH MANUFACTURING DIVISION 
Los Angeles. California 
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_- 
FAIRCHILD LINEAR INTEGRATED CIRCUITS pA710 

-s 
VOLTAGE TRANSFER 

CHARACTERISTIC 
4.0 

3.0 

> 

2.0 
c 

B 

a 
E 1.0 

0 

-1.0 
-5.0 -3.0 -1.0 1.0 1.0 5.0 

INPUTVOLTAGL - mV 

INPUT BIAS CURRENT 
AS A FUNCTION OF 

AMBIENT TEMPERATURE 
YI 

a 

B 
8 .  
2 m  
2 

e 
0 

- 
10 

do -a m m im im 
PMRRATUM - 'C 

TYPICAL PERFORMANCE CURVES 

VOLTAGE GAIN 
AS A FUNCTION OF 

AMBIENT TEMPERATURE 

TLMRRATURE - 'C 

RESPONSE TIME FOR 
VARIOUS INPUT OVERDRIVES 

3.5 

3.0 
< 

2.5 
LI 

= u L 
f 2.0 

a E 
1.5 

1.0- 
do -20 m m 100 im 

TLMRRATURf . 'C 

RESPONSE TIME FOR 
VARIOUS INPUT OVERDRIVES 

VOLTAGE GAIN 
AS A FUNCTION OF 
SUPPLY VOLTAGES 

m 

$ m a  

s u 
3W.l 

lm) 

Hal I I I I I I I I 
10 I1 u u 14 

WSITIVESUPPLV VOLTAGL - V 

COMMON MODE REJECTION RATIO 
AS A FUNCTION OF 

AMBIENT TEMPERATURE 

COMMON MODE 
PULSE RESPONSE 

3.0 

2.0 

1.0 

0 

2.0 

1.0 

0 

0 43 80 Lm 160 
rim - n~ 

AIRESEARCH MANUFACTURING DlVlSlON 
Lo4 Angeles. California 
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pA726 TEMPERATURE-CONTROLLED DIFFERENTIAL PAIR- FAIRCHILD LINEAR INTEGRATED CIRCUITS 

GENERAL DESCRIPTION - The pA726 i s  a monolithic transistor pair in a high thermal-resistance package, held at  a con- 
stant temperature by active temperature regulator circuitry. The transistor pair displays the excellent matching, close 
thermal coupling, and fast thermal response inherent i n  monolithic construction. The high gain and low standby dissipa- 
t ion of the regulator circuit  permits t ight  temperatuce control over a wide range of ambient temperatures. It i s  intended 
for use as an input stage in very-low-drift dc amp!ifiers, replacing complex choppei-stabilized amplifiers; it i s  also 
useful as the nonlinear element in logarithmic amplifiers and multipliers where the highly predictable exponential rela- 
t ion between emitter-base voltage and collector current is employed. The device IS constructed on a single si l icon chip 
using the Fairchild Planar * process. 

ABSOLUTE MAXIMUM RATINGS 
Operating Temperature Range 
Storage Temperature Range 
Lead Temperature (Soldering 60 seconds) 
Supply Voltage 

MAXIMUM RATINGS FOR EACH TRANSISTOR 
h'laximum collector-to-substrate voltage 
BVcso 
LVcEo [Note 11 
BVEW 
Collector Current 

-55OC to 3- 125OC 
-65OC to +15OoC 

- 3OOOC - . &18V 

40 V 
40 V 
30 V 

5 v  
5 mA 

V 

SCHEMATIC DIAGRAM 

TEMP ADJ 
0 

6 1 

Qi 

92 

Note 1: Measured at 1 mA collector current. 

AIRESEARCH MANUFACTURING DIVISION 
Los Angeles. California 

PHYSICAL DIMENSIONS 

IN. 

ORDER PART NO. U5J772631X 

CONNECTION DIAGRAM 

E2 

TOP VIEW 

I V- 
5 

:' Planar is a patented Fairchild process. 

68-3589 
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FAIRCHILD LIREAR INTEGRATED CIRCUITS pA726 I 
ELECTRICAL CHARACTERISTICS (-55OC 5 TA c. + 125 C. Vr = f 15 V. Rad, = 62 k!! unless ot1ier:iise specified) 

PARAMETER CONOITIONS M l N .  TYP. MAX. UNITS 
input Offset Voltage 10pA 5 IC 5 100pA 1.0 2.5 mV 

Input Offset Current IC = 10 pA, Vcc = 5 V 10 50 nA 
input Offset Current Ic=lOOpA,Vcr=5V 50 200 nA 
Average Input Bias Current IC = 10 pA, Vcr = 5 V 50 150 nA 

Vcf = 5 V, Rs 5 50Q 

Average Input Bias Current 
Offset Voltage Change 
Offset Voltage Change 
Input Offset Voltage Drift 

IC = 100 pA,Vct = 5 V  
IC = 10pA, 5 V  5 VCE 5 25 V, Rs < 100 kQ 
IC = 100pA, 5 V  5 Vcs 5 25V, Rr < 10 kQ 

1 o p A < I c <  100pA,Vc~=5v,  
Rs 5 50n, +25OC 5 TA 2 +125OC 
lOpA 5 IC 5 100 pA, VCE = 5 V, 
Rs 5 50n, -55OC < TA 5 +25OC 
IC = 10 pA, VCE = 5 v 
IC = 100pA,Vc~ = 5 v  
lOpA 5 IC 5 100 pA, Rr 5 50Q, 

input Offset Voltage Drift 

Input Offset Current Drift 
Input Offset Current Drift 
Supply Voltage Rejection Ratio 
Low-Frequency Noise 

Broadband Noise 

IC = 10pA,Vcz = 5V. Rs 5 50n  
BW = ,001 Hz to 0.1 HZ 

BW = 0.1 Hz to 10 kHz 
IC = 10 pA, Vcr = 5 V, Rs < 50n 

250 500 nA 
0.3 6.0 mV 
0.3 6.0 mV 
0.2 1.0 PVlOC 

0.2 1.0 PVIOC 

10 
30 
25 

PA/ OC 

PA/ OC 
PVlV 

Long-term Drift - 
High Frequency Current Gain 

10 (LA 5 IC 5 100 pA, VCE = 5 V, Rs 5 509 ,TA"~~'C 
f = 20 MHz, I C  = 100 pA, VCE = 5 V 

5.0 
1.5 3.5 

Output Capacitance If = 0, vcs = 5 v 1.0 

4.0 PV PP 

10 PV PP 

pV/week 

PF 
Emitter Transition Capacitance I6 = 100pA 1.0 PF 
Collector Saturation Voltage I, = 100 IC = 1 mA 0.5 1.0 V 

TYPICAL PERFORMANCE CURVES 

CURRENT GAIN AS A FUNCTION 
OF COLLECTOR CURRENT 

f K c  

z d o o  

u 
z .. 
= 

2m 

0 

llWI COLUClOR CURRlNl 
lQA IOlA 

SUPPLY CURRENT AS A FUNCTION 
OF AMBIENT TEMPERATURE 

12 .- .., 
= 
r 

= 
- 8  

2 
4 

0 
LX) m zo m im io 

Il1IKRhIURi C 

TYPICAL XlOOO .CIRCUIT 
V 

t 
Ein 

R6 

50Cn 

ALL RESISTORS 1% 

- 

Farchuld cannot assume responstbilily for use of any CirCUilry described olher than circumtry entirely embodled m a Fatrchnld product No other ckrcutt patent licenses are tmplied , "  

AI RESEARCH MANUFACTURING DIVISION 
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Supply Voltage f 22v 
Power Dissipation (Note 1) 500 mW 
Differential input Voltage f 30W 
Input Voltage (Note 2) f 1sw 
Output Short-circuit Duration (Note 3) Indefinite 
Operating Temperature Range -55°C to + 125°C 
Storage Temperature Range -65°C to +150"C 

Electrical Characteristics (Note 4) 

Parameter 

Input Offset Voltage 

Input Offset Current 

lnput 8ias Current 

lnput Resistance 

Supply Current 

Large Signal Voltage Gain 

Input Offset Voltage 

Average Temperature 
Coefficient of Input 
Offset Voltage 

Input Offset Current 

Input Bias Current 

Supply Current 

Large Signal Voltage Gain 

Output Woltage Swing 

Input Voltage Range 

Common Mode Rejection 

Supply Voltage Rejection 

Ratio 

Ratio 

T A  = 25"C, Rr 5 lOkn 

T A  = 25°C 

T A  = 25°C 

TA = 25°C 

TA = 25%, Vs = *20V 

T* = 25°C. Vs = f 15V 
Vour = -t 10V. Rt 2 2wI 

Rr 5 lOkn 

Rr = 50n 

Rr 5 lOkn 

TA = + 125°C 
T A  = -55°C 

TA -55°C 

. 

Conditions Minimum 

TA +125"C, Vr = ?POV 

Vr = +. 15V, Vour = rt 1OV 
RL 2 2kn 

Vr = f 15V, RL = l O k n  
R I =  2kn 

Wr= k 15V 

Rr 5 10W 

Rs 5 lOkn 

300 

50 

25 

* 12 * 10 

f 12 

70 

70 

Typical 

1.0 

40 

120 

800 

1.8 

160 

3.0 

6.0 
10 

100 

0.28 

1.2 

rt 14 
rt 13 

90 

90 

Maximum 

5.0 

200 

' 500 

3.0 

6.0 

200 
500 

1.5 

2.5 

Units 

mV 

nA 

nA 

M 
mA 

V/mV 

mV 

,V/"C 

d / " C  
nA 
nA 

PA 
mA 

V/  mV 

V 
V 

V 

dB 

dB 

Note 1: For operating at elevated temperatures. the device 
must be derated based on a 150°C maximum junction 
temperature and a thermal resistance of 45"CIW junction 
to case or 150'ClW junction to amblent (see curve) 

Note 2: For supply voltages I*ss than rt 15V the absolute 
maximum input voltage is equal to the supply voltage 

Note 3 Continuous short circuit is allowed for case 
temperatures to L125'C and ambient tamperaturss to +70'C 

Nota 4: These specifications apply tor --55'C < L < t 125°C 
+-5V Vr < t 2 0 V  and C1 - 30 pF unless otherwise 8peclfied 

AIRESEARCH MANUFACTURING DIVISION 
Los Angeler Callfornm 
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GUARANTEED PERFORMANCE 

5,  

i ..._ ' 

Input Voltage Range 
20 

5 16 

w 0 

2 12 
'a 

5 
z . 8  

2 
t 

- 

0 

SUPPLY VOLTAGE (+V I  

TYPICAL PERFORMANCE 
Supply Current 

2 . 5  

I 2.0 
2 
t 
E 1.5 

(L 3 

5 1.0 
n 

3 m 

0 5  

IO I5 20 

SUPPLY VOLTAGE (*V) 

Current Limiting 

OUTPUT CURRENT [id) 

Open Loop 
Frequency Response 

I20 

IO0 

I e 80 - 
; a  
:: 40 

5 
2 20 

0 

I 10 100 I K  I O K  IOOK I H  IOU 
-20 

FREQUENCY (Hz! 

Output Swing 
20 

15 

10 

5 

0 
10 15 20 

SUPPLY VOLTAGE f * V )  

Voltage Gain 
I20 

'= 110 
rn 

z 
c 

- 
100 

u 2 
> 

90 

IO 15 20 
8C 

SUPPLY VOLTAGE ( i V )  

Input Current 
400 

,- 300 2 
% 
I 200 a 

., 

t 

n z 
- 100 

0 -75 -50  -25 0 25 50 75 100 12: 

TEMPERATURE f " C )  

Large Signal 
Frequency Response 

" I K  IOK IOOK I H  IOH 

FREQUENCY [ H I )  

Voltage Gain 

SUPPLY VOLTAGE ( *V I  

Input Bias Current 

400 

,. 
4 
2 300 
&- 

w 
(L 

a 200 
m - 
m 

5 2 100 - 

0 
IO 15 20 

SUPPLY VOLTAGE (*V) 

Maximum Power Dissipation 

'25 45 65 85 105 I25 
AHBIENT TEMPERATURE ('C) 

Voltage Follower 
Pulse Response 

10 

8 

6 

> 4  
I ..- 
E 2  
2 0  

5 
w 
'9 -2 

0 -4 

-6 

- 8  

0 IO 20 30 40 50 M)  70 80 0 

T l n E  ( p s )  

S-40474 
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Schematic and Connection Diagrams 

The L M 1 0 1 is a general-purpose operational 
amplifier built on a single si l icon chip. The 
resulting close match and tight thermal cou- 
pling gives low offsets and temperature drift as 
well as fast recovery from thermal transients. 
In addition, the device features: 
e Frequency compensation with a single 

30 pF capacitor 
e Operation from *5V to *20V 
0 Low current drain 1.8 mA a t  k20V 
o Continuous short-circuit protection 
0 Operation as a comparator with differen- 

t ia l  inputs as high as &OV 
0 No latch-up when common mode range 

is exceeded 
0 Same pin configuration as the LM709. 
The unity-gain compensation specified makes 
the c i rcu i t  stable for al l  feedback configura- 
tions, even with capacitive loads. However, it 
is possible to optimize compensation for best 

BALANCE COMPENSATION 

LM 101 
BALANCE I 

comparator, high frequency the performance output can be a t  clamped any gain. a t  As any a Top View INPUTS (I @ 6 OUTPUT 

desired level to make it compatible with logic 
circuits. Further, the low power dissipation 

5 BALANCE 

V- 
N o t e :  P i n  4 sonnested to caie 

permits high-voltage operation and simplifies 
packaging in f u I I-tem peratu re-range systems. 

I 

Typical Applications 
Voltage Comparator for Driving 
DTL or TTL Integrated Circuits 

Voltage Follower R I *  

INPUTS OUTPUT 

INPUT 

re5i.tance f o r  rni"irnUrn o f f s e t .  - C I  
3OpF 

Inverting Amplifier 
with Balancing Circuit 

Voltage Comparator for Driving 
RTL Logic or High Current Driver 

L M  101 OUTPUT INPUTS 

REP 

5nn 5 .  IMR .5- FD777 F0777 

- C I  * M a y  be zero or  equal to p a r a l l e l  c o m b i n a t i o n  
30pF o f  R I  and R 2  f o r  minimum o f f s e t .  

S-40473 
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'\ APPLICATION 
The G116F ser ies  of multiple switches, as described on page 1 ,  is diagrammed below. The ap- 
propriate electrical bias for  the single switch block shown on page 2, follows: 

S Source. Analog signal input. 
D Drain. Gated analog signal output. 
G Control gate. Input to this terminal determines ON-OFF condition of the FET switch. To 

turn the switch ON, VG should be a t  least 10 volts below the most negative analog signal 
voltage. For the OFF condition, VG is normally equal to the body potential VB. Supply 
voltages, V c c  and VEE, for the buffer/driver circuit will determine the switching 
voltage levels. 

B Body. Biased to the maximum positive signal voltage plus, perhaps, as much as 2 volts. 
The 2-volt bias will se rve  to reduce source-body and drain-body capacitance when the 
signal is a t  its maximum positive value. 

P Pull-up gate. Biased to negative VEE (negative reference for control gate waveform). This 
bias ensures  that all pull-up FETs a r e  turned ON, thus providing a current-limited or  
constant-current load for  the output collector of the buffer/driver circuit. 

MULTIPLEXER BLOCKS 

G116F MOS SHITCH 

AYALOG 
f N P U T S  
t tov 

D123F 6 - C H A N N E L  DRIVER 

5-Channel Block 

Gl lBF  HOS SWITCH 

r iov  

ANALOG 
INPUTS OUTPUT 
*lo v t l O V  

6-Channel Block - 

AIRESEARCH MANUFACTURING DIVISION 
Los Angeles California 

ANALDG 
INPUTS 
t l O V  

OIFFER- 
E N m L  
INPUTS 
t l O V  

Gtt7F UOS SWITCH 

+IOV 

OUTPUT 
im v 

-20 v 

D123F 6 - C H A N N E L  DRIVER 

5-Channel 1st Level, l-Channel Block 

3-Channel Differential Block 

68-3589 
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5- At4D 6-CHAil I I IEL 
EN HAM C E M  EM T-TY P E 
MOS FET Sb'llTCHES 

P - C ~ A ~ ~ E ~ ,  NORNIALLY-OFF, TYPE C MOS FETS FOR SWITCHING APPLICATIONS 
Q Integrated Zener-clamp gate protection 
0 Integrated FET current-limiter pull-up elements supply 

collector current  to buffeddrivers  

These multi-channel MOS FET switches may be direct  coupled to 
dr iver  circuits without using isolatingdiodes, capacitors, o r  ref- 
erencing resis tors .  The series is intended for, but not limited to, 
u se  with the Siliconix D123F bufferldriver ser ies .  

Each FET switch consists of multiple MOS FETs, integrated on a 
silicon chip with FET pull-up elements which provide collector 
loads for the driver circuits.  These elements may be disabled at  
the user 's  discretion bv connecting terminalp to terminal B. The 

01 Y 

drain-to-body junction; of the pullrup FETs act as Zener clamp protection on all control gates 
even when pull-up elements a r e  disabled. 

The ser ies  includes four variations accomplished by modification of metal interconnection masks. 
These are: 

G 1 1 6 F  
6117F 

G11f lF 

G 1 1 9 F  

A 5-channel MOS with 5 pull-up FETs, for use as a 5-channel multiplexer block. 
A G-channel MOS with 6 pull-up FETs arranged as 5 input channels and 1 output 

channel, for use as  a 5-channel 1st  leveland l-channel 2nd level multiplexer block. 
A G-channel MOS without pull-up FETs,  for use a s  a 6-channel multiplexer block 

where the dr iver  output pull-up elements a r e  provided elsewhere. 
A +channel MOS arranged in 3 pairs with 3 pull-up FETs, for use as a 3-channel. 

differential multiplexer block. 

61 1 7 F  

AIRESEARCH MANUFACTURING DIVISION 
Los Angeles. Caldornia 
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The basic switch block for the G116F series is shown below. Terminal P of the G118F is in- 
ternally connected to the body thus turning all pull-up FETs OFF; Zener protection remains in 
tact. 

I = 100 PA, S 

BODY B 
ABSOLUTE M A X I M U M  RATINGS (25°C) 

Body Voltage VB to Any Terminal -2 to +30 V 
Source Current Is 100 mA 
Drain Current ID 100 mA 
Control Gate Current  IG 5 mA 
Pull-Up Gate Current Ip 100 pA 
Power Dissipation (Derate 3 mW/.C) 375 mW 
Storage Temperature -55 to +150"C 
Operating Temperature -55 to +125"C 

OR4lN 
D t l O V  SOURCE 

SIGNAL 
OUT 

f l O V  s 
SIGNAL 

IN O.i. PULL-UP CONTROL 

(See below for alternate temperature ranges) 
-2ov 

ELECTRICAL CHARACTERISTICS (25°C) per  channel unless otherwise noted 

~ - - ~  

VBD = 0,  VGD = -30 v 125 ohm 

VBD = 10 v, VGD = -20 v 250 ohm 

VBD = 20 v, VGD = -10 v ti00 ohm 

I Character is t ic  I Tes t  Conditions I Min I Max I Unit I 

ID(OFF, Drain Cutoff Current  I VDS = -20 v ,  VBS = VGS = vps = 0 I I 0.5 I nA 

- 
V -2  -6 I = -10 PA, V DS = -10 v ,  VSB = 0 

I =-lOpA. VGs = VBs = Vps = 0 -30 V 

I = -10 PA, VGD= VBD = VpD = 0 

I = -10 PA, VPB = VSB = VDB = 0 -30 -90 .  V 

BVpRS Pull-Up Gate-Body Breakdown Voltnge Ip = -10pA. VGB= VSB = VDB = 0 -30 -90 V 

S 

D 

S 

G 

VGs(th) Gate Threshold Voltage 

BVDSS Drain-Source Breakdown Voltage 

BVSDS Source-Drain Breakdown Voltage 

BVGBS Gate-Body Breakdown Voltage 

-30 V 

Drain-Source ON Resistance* 'DS 

- \ - - - ,  

Drain Current  (G117F only) 
(Total for all channels) ID 3.5** nA 0, VDB' -20 v, 'GlB to 'G5B = 

VG6B = -3OV. VsB = VpB = 0 

I lSIOFFI Source Cutoff Current  I VSD= -20 V, V B D = V i D =  VpD= 0 I 1 0 . 5  I nA I 

Control Gute ON Current  

IGSS Control Gdte Reve r se  Current  

VGB = -30 V. VpB=-3OV, V =VDB=O -0.5 -2 mA 

VGB = -20 v, VDS = VB8 = vps = 0 0 . 5  nA 

SB 

C or C Gate-Source or Gate-Drain 

'sd 

gs gd Capacitance 

Source-Drain Capacitance 

VPB = VGB = VSB = VDB = 0. 

f = 1 MHz, Body Guarded 

Drain-Body Capacitance 
'db ( P e r  common Drain Terminal)  

I 'sb Source-Body Capacitance I VpB=VGB=VDB= 0 ,  VSB=-5V:f=1MHz I ' I 3 .5  I P F  I 
VSB = VPB = VGB = 0, VDB' -5 v - G116F 18 P F  

20** p F  .GL17F 

G118F 18 pF  

G119F 10 p F  

VaB = -20 V (G117F only) 

f = 1 MHz, 

ALTERNATE TEMPERATURE RANGES 
The following multiple MOS FET switches may be obtained on special order ' for  operation a t  
reduced temperatures: 

G21GF Series -55 to +85"C 
G316F Series -20 to +85"C . 
G416F Series 0 to +75"C 

AIRESEARCH MANUFACTURING DIVISION 
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, .I h, ) 
TYPICAL CHARACTERISTICS 

P 

io4 
I I 

I 

- I s 4 O O p A  I I 

10 
-30 -25 -20 -15 -10 -5 0 

VGS -GATE-SOURCE VOLTAGE- Volts 

' I  

10-1 

-30 -20 -10 0 
ks -GATE -SOURCE VOLTAGE-Volts 

I I I I 

0 
-x) -2!3 -20 -15 -10 -5  0 

VG5- GATE-SOURCE VOLTAGE -Volts 

VDB -0RAtN-BODY VOLTAGE- -Volt5 IG119F) 
-30 -25 -20 -15 -10 -5 0 

I00 100 

M so - 
a, 
3 

YP 
I 

= w  

I YP 
I 
820 
3 U 

;I 
U B IO 10 $ 

i s  L z 

U 

0 
b 

5 e  

B 

I 
4 
U b 

2 2 5  

I I 
-30 -25 -20 -I5 -IO -S 0 

VB- SOURCE-BODY VOLTAGE -Volts 

Specifications subject to change without.notice. 
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